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SUMMARY

Under extreme conditions such as high temperatures and densities, composite state of
hadrons e.g. protons, neutrons, kaons, pions etc lose their identity and turn into a new
state of their constituent elements quarks and gluons. This novel phase is called quark-
gluon plasma (QGP). Such kind of state is presumed to be created after a few fraction
of microseconds of the big bang having temperature higher than 10’2 K and small net
baryon number. It can also exist in the core of the neutron stars where the mass densi-
ties (10*® gm/cm®) are much higher than the normal matter density. Relativistic Heavy Ion
Collider (RHIC) at Brookhaven National Laboratory (BNL) and the Large Hadron Col-
lider (LHC) at the European Organization for Nuclear Research (CERN) are designed to
explore the properties of QGP state. The produced high temperature QGP phase at very low
baryon densities mimics the early universe. Fixed target experiments are underway in FAIR
(Facility for Antiproton and Ion Research) at GSI, Germany and NICA (Nuclotron-based
Ion Collider Facility) at Joint Institute for Nuclear Research (JINR), Dubna to investigate
the QCD phase diagram at high baryon density and low temperature. After the nuclear
impact the system is in non-equilibrium and gradually expands and cools down. The local

equilibriated QGP is formed and the dynamics of the system can be described by the hydro-



dynamics. The phase transition to the hadronic phase occurs and finally after the freeze-out

the particles come out to the detector.

Main objective of this thesis is to study and explore the characteristics of various
anisotropic systems created in several stages of heavy ion collisions. Broadly, we have
studied two scenarios: One is the momentum space anisotropy created due to the rapid
longitudinal expansion after the nuclear impact as the system expands along the collisional
direction making the system much cooler in the longitudinal direction than the transverse
direction. The other one is the anisotropy due to the background magnetic field. The
former is studied by modeling of the non-equilibrium distribution function from the equi-
librium case by suitable squeezing or stretching. The non-equilibrium plasma properties
is described by studying the collective modes of the quasipartons in the framework of
hard thermal loop perturbation theory. Due to the presence of non-equilibrium momentum
distributions in QGP medium, existence of kinetic instabilities is expected. In this thesis
covariant structure of gluon propagator has been formulated in presence of two anisotropy
directions. The general structure is obtained in terms of six basis tensors. The collective
modes can be calculated from the pole of the effective propagator. The collective modes
and instability are discussed for ellipsoidal momentum anisotropy case.

The covariant structure of gluon propagator mentioned earlier can be used not only
for the anisotropy arising from modeling of the non-equilibrium distribution function but
also for the presence of the external magnetic field creating anisotropy in the medium. In
recent time, more research interests are growing in non-central heavy ion collisions where
the magnetic field is produced in the direction perpendicular to the reaction plane and the
system becomes anisotropic. To study the magnetized QGP and hadronic matter is another
direction of study which is explored in this thesis. Along with the temperature (7°), the

presence of the magnetic field (B) introduces extra scale in the system. Theoretically,

vi



one can work in different regimes of magnetic field strength. Initially after the collision,
very strong magnetic field is created. In the calculation one can use lowest Landau level
(LLL) approximation as the magnetic field pushes the higher Landau levels to infinity
compared to th LLL. The magnetic field decays rapidly with time depending upon the
conductivity of the medium and one can work using weak field expansion. In weak field
limit, we have calculated chiral susceptibility and photon damping rate in hot magnetized
QCD/QED medium. Chiral susceptibility estimates the response of the chiral condensate
with the variation of current quark mass and this quantity is important in study of chiral
phase transition. The damping rate of the hard photon is associated with the mean free
path of photon and hard photon production rate in QGP. So the study of those quantities
is important in presence of magnetic field. In these studies Schwinger propagator and
effective hard thermal loop (HTL) fermion propagator in weak field limit have been used.
Here we worked in the scale hierarchy \/W < gT' < T, where gy is the charge of the
quark with flavor f. In strong magnetic field, we have studied shear viscosity of hadronic
matter using linear sigma model (LSM). The viscous coefficient is calculated in relaxation
time approximation (RTA) where the point-like interaction rates of hadrons are evaluated
through the S-matrix approach in the LLL approximation to obtain the temperature and
magnetic field dependent relaxation time. In this case we use scale hierarchy \/W >T.
We didn’t confine ourselves only in the limiting cases i.e. strong and weak field limits, we
have calculated heavy quark antiquark potential in the regime of arbitrary magnetic field
strength i.e. considering all the Landau levels. Heavy quarkonia i.e. bound state of quark
antiquark pair is an important signature of QGP and we have calculated the imaginary
part of the Heavy Quark potential and the dissociation of heavy quarkonia in presence
of arbitrary magnetic field. Here we have used the general structure of the gauge-boson

propagator in a hot magnetized medium.
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meeeeessssssmmmmm CHAPTER | S——

INTRODUCTION

“ An experiment is a question which science poses to
nature, and a measurement is the recording of nature’s

answer.”
—— Max Planck

In nature Strong interaction is one of the four fundamental forces i.e. gravitational
force, weak force, strong force and electromagnetic force. Strong force ‘glues’ the funda-
mental quarks into hadrons such as proton and neutron. In this chapter we would briefly
discuss about quantum chromodynamics which describe the theory of strong interactions.
Further, we review quark-gluon plasma and its experimental observations through heavy-
ion collisions. After giving the outline of the thesis in the last section, we will gradually
continue our journey throughout the rest of the thesis by investigating various properties of

strongly interacting extreme matters.



Chapter 1. Introduction

1.1 Quantum Chromodynamics

The theory of strong interaction [3, 4] of quarks and gluons is governed by quantum chro-
modynamics (QCD). This is a theory of non-abelian guage theory of SU(3) gauge group.
QCD was established in analogy to the quantum electrodynamics (QED) which describes
the action of electromagnetic force. In contrast to QED, where the theory is abelian of
U(1) gauge group and there is only one type of electric charge, in QCD there are three
kinds of charges of SU(3) gauge group called ‘colors’. Unlike QED, where the associated
gauge boson ‘photon’ is not electrically charged, eight gauge bosons called ‘gluons’ in
QCD carry color charges and interact with each other. Quarks also carry color charges in
QCD. There are six flavors of quarks: up (u), down (d), strange (s), top (t), bottom (b),
charm (c). Though, quarks are color charged, in nature color charge is not observed. They
appears only through composite particles: (i) Baryons: They are built of three different
color quarks producing color neutrals particles and (i1) mesons: These are made of quarks
and their anti-quarks. The anti-color of the anti-quark and the color of the quark produce

color neutral mesons.

The behavior discussed above can be understood through the important properties
namely asymptotic freedom [6, 7] and color confinement [3, 4] of the non-abelian gauge
theory. The interaction strength between quarks and gluons decreases with the increasing
energy due to the anti-screening of the color charges. This can be realized from the fact
that the QCD coupling a5(Q)) decreases with the energy or momentum transfer. In Fig. 1.1,
the variation of QCD coupling with energy scale () is shown graphically [5]. We can try

to understand the behavior of QCD running coupling g = /47, which is given upto one
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Figure 1.1: QCD running coupling as a function of energy scale. (Figure from Ref [5].)

loop order as [6, 7]

2\ 92(Q2) _ dm

QCD

where N; and Q? represent the number of quark flavors and the four momentum transfer
respectively. Agep is the typical QCD scale parameter. The running coupling decreases
with increasing momentum transfer. In the high energy limit, the partons behave like free
particles and this feature is called as asymptotic freedom. So, in the high energy domain,
perturbative QCD can be a reliable theory. On the other hand, in the low energy, cou-

pling becomes strong leading to the formation of colorless hadrons. This property is called
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the color confinement. Non-perturbative physics is needed to understand the confinement

nature. In QED, opposite nature to QCD i.e. screening of the electric charge can be found.

The QCD Lagrangian density describing the dynamics of quarks and gluons is given

by
. : 1 a v
L = (Z’Y'M(D;Jij - m5ij)¢j - ZFWFﬁ + Lar + Lahost (1.2)

where 1);(x) is the quark triplet field in the fundamental representation of SU(3) gauge
group. So, here the indices ¢ and j run from 1 to 3. ~* are the Dirac matrices and m

represents the quark mass.

The gauge covariant derivative is defined as
(Du)ij = 8u5ij — Zg(Ta)UAZ (13)

with strong coupling strength g. AZ(&:) are the gluon fields in the adjoint representation of
SU(3) gauge group. 1 are the generators of the local SU(3) symmetry. The generators are
given by 7% = \*/2 where \* (a=1 ... 8) are Gell-Mann matrices. The gluon field strength
tensor reads as

FS, = 0,A; — 0,A% 4+ gf* A} A (1.4)
where indices a, b and ¢ run from 1 to 8. £ denotes the structure constant of SU(3). In
Eq. (1.2), the terms Lgr and Lanos: take care of the gauge fixing and the Faddev-Popov
ghost terms respectively. The QCD Lagrangian possesses chiral symmetry in the limit of

vanishing quark mass i.e. m = 0. But the ground state of QCD is not chirally symmetric

and it is spontaneously broken by nonzero chiral condensate. At high temperature the chiral
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symmetry is restored. At extremely high temperature quarks and gluons propagate freely
in the deconfined phase called quark-gluon plasma (QGP) which will be introduced in the

next section.

1.2 Quark-gluon plasma

In the last section we learned about the asymptotic freedom where the coupling strength
of the strong interaction decreases with decreasing length scale or increasing energy scale.
If the energy of the system is increased, after some critical energy, the hardons melt to the
deconfined state of quarks and gluons forming quark gluon plasma (QGP) [8—11] state.
The extreme state can be formed for high temperature and/or high density. If the nuclear
matter density is increased gradually above certain critical baryon density, deconfined state
of QCD matter is produced. Such kind of extreme state can be found in the core of the
compact stars where the matter density is very high (~ 10'®kg/m®). Also, if the QCD
vacuum is heated, after surpassing a certain critical temperature hadrons dissolve into de-
confined state of quarks and gluons. This extreme state of matter is supposed to be present
in the early universe after a few fraction of microseconds of the big bang and the temper-
ature was of the order 10*? K. This strongly interacting matter is needed to study various
properties of QCD matter e.g. the nature of QCD phase transitions. After big bang, the
universe went through the several first or second order phase transition associated with the
spontaneous symmetry breaking in non-abelian gauge theory. In the standard model of par-
ticle physics, there are two kind of symmetry breaking. At few hundred GeV temperature
electroweak symmetry breaking take place and at temperature of a few MeV, hadrons to
quark matter transition can occur. Except this confinement-deconfinement transition, chi-

ral symmetry breaking related to the dynamical quark mass generation can occur at same
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temperature scale. For massless quarks chiral symmetry is exact whereas, at high temper-
ature, chiral symmetry restoration is approximate symmetry. To get more insights into the
extreme matter, various heavy-ion experiments are operated to recreate the matter after few

microseconds of the big bang in the early universe.
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Figure 1.2: Energy density and pressure scaled with 7 as a function of temperature [12].

Lattice results for the energy density (¢) and pressure (P) at vanishing chemical poten-
tial are shown [12] in Fig. 1.2. These are calculated using the staggered fermion actions
asqtad and p4. The energy density scaled with 7™ rises rapidly in the temperature range
(170 — 200) MeV. This indicates the increase in entropy or number of the degrees of free-
dom. 3P/T* also rises rapidly in that temperature region but the rise is not as sharp as
¢/T*. At the high temperature limit, € is significantly less than the Stefan-Boltzmann limit
(esp) revealing that it is far from the ideal gaseous state. The lattice results show that the

transition at vanishing chemical potential is a crossover. More detailed discussions and
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results can be found in Refs. [13—-15]. In next section, we would discuss more about the

extreme matter produced in the heavy-ion colliders.

1.3 Heavy ion collisions: Overview

To probe various features of the novel state of QGP, several experimental setups have been
built e.g. Large Hadron Collider (HLC) at the European Organization for Nuclear Re-
search (CERN) [16, 17], Relativistic Heavy Ion Collider (RHIC) at Brookhaven National
Laboratory (BNL) [18-20]. In heavy ion collisions, two high energetic Lorentz contracted
nuclei are collided. If the energy of the incoming ions are low i.e. O(10GeV) or below
per nucleon, the nuclei effectively stop losing the kinetic energy and high baryon density is
created at the center. This high baryon density matter is present at the core of the neutron
star as mentioned earlier also. Future experiments are designed in Facility for Antipro-
ton and Ion Research (FAIR) at Gesellschaft fur Schwerionenforschung (GSI) [21, 22]
and Nuclotron-based Ion Collider fAcility (NICA) at Joint Institute for Nuclear Research

(JINR), Dubna [23, 24] to investigate the high density region of QCD phase diagram.

In the present days, highest reachable collisional energy in the ultra relativistic Heavy
ion colliders are /s = 200 GeV at RHIC and /s = 5.02 TeV at LHC. In these cases
Lorentz contracted nuclei pass through each other producing very high temperature at cen-
tral area with almost zero baryon density. In Fig. 1.3, the space-time evolution of heavy
ion collisions is presented through a schematic diagram. The descriptions of the stages of

the collisions [25—-27] are elaborated below.
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Figure 1.3: Schematic picture of space-time evolution of HIC.

e Pre- uilibrium stage:

Initially after the collisions, the created fireball is in non-equilibrium state. When the
ultra relativistic heavy nuclei collide, huge entropy is produced. Theoretically, various
models are introduced to study the highly non-equilibrium system. Color glass condensate

(CGC) [28] is one example. After time Ty, the locally equilibriated QGP state is formed.

e QGP stage:

Due to the collisions of the incident partons, the system gradually cools down and eqilib-

riates as it expands. The thermalization and equilibration processes are still arguable and
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unclear [29, 30]. The space-time evolution of quark-gluon plasma generated in relativis-
tic heavy ion collisions are well explained by hydrodynamic simulations [31-33] which is
applicable for the near-equilibrium systems. Recently anisotropic hydrodynamics (aHy-
dro) [34, 35] has been developed which describe the highly momentum-space anisotropic
i.e. far from equilibrium systems. In this framework momentum-space anisotropic one
particle distribution function is considered. More discussions on momentum anisotropy

would be presented in Chapter 4 of this thesis.

Various experimental results indicate the formation of such strongly interacting decon-
fined state of quarks and gluons. Subsequently, it goes through the phase transition to the

hadronic phase.

o Freeze-out:

After transition to the hadronic phase, the system remains in equilibrium due to the inelastic
collisions. Gradually freeze-out occurs after time 7 as the system expands and cools down.
There are basically two type of freeze-out: One is chemical freeze-out, when the inelastic
collisions are stopped and the number of hadron species do not change. When the mean
free path of the particles becomes greater than the size of the system, the kinetic freeze-
out occurs. From the kinetic freeze-out surface, the free streaming particles come to the
detectors. The kinetic freeze-out temperature is generally lower than the chemical freeze-

out temperature depending upon the hadronic species.

There are various theoretical methods to study QCD. In the next section, we discuss the

theoretical tools used to study QCD and its phase structure, mainly QGP.
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Figure 1.4: Schematic sketch of QCD phase diagram.

1.4 Theoretical approaches to study QCD

Several methods are developed to study the various aspects of QGP. Perturbative QCD are
applicable for high energies when the QCD coupling is sufficiently small. So, the pertur-
bative approaches are used for extremely high temperature. At finite temperature ordinary
perturbation theory fails due to the infrared divergence. It was also shown that the gluon
damping rate calculated using naive perturbation theory becomes gauge dependent [36—
38]. The leading order contribution to the coupling can not be completed using ordinary
perturbation theory as the higher order loops contribute to the leading order [39]. Resum-
mation technique [40—43] was formulated to deal with the hot QCD. Later various ther-

modynamic quantities have been calculated using Hard thermal loop perturbation theory

10
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(HTLpt) [44-49].

At moderate or low temperature, perturbative calculation is not applicable. There is a
successful numerical method called Lattice QCD (LQCD) [50-52] which is a first principle
approach to study QCD in strong coupling regime. The theory is formulated on grids
(lattices) of points in space and time. When the lattice size is taken infinitely large and
lattice spacing is reduced to zero, the continuum QCD is reproduced. But the LQCD
technique is not applicable for non zero baryonic chemical potential and this is the one of
the limitations of this framework. This is well known sign problem [53].

Due to the shortcomings of LQCD and perturbative QCD, the effective theories have
been modeled. Several effective QCD models are used to explore the non-perturbative
regime. Effective models like Nambu-Jona-Lasinio (NJL) model [54-56], quark-meson
model (QM) [57], Linear Sigma model (LSM) [58] and their Polyakov loop extended ver-
sions PNJL [59, 60] and Polyakov quark-meson (PQM) model [61], Hadron resonance gas
(HRG) [62] model have acquired success to explain lattice data and the several parts of the
QCD phase diagram shown in Fig. 1.4. LSM model is used in Chapter 8 to calculate shear
viscosity coefficients of mesons.

In Fig. 1.4, the QCD phase diagram in 7" — up plane is represented. pp is the baryon
chemical potential. For low chemical potential, there is a crossover transition from hadronic
phase to quark-gluon plasma phase at temperature around 150 MeV. pp = 0 case is well
investigated by LQCD. For higher 5, the transition is of first order and a critical point
exists in between. The search for exact position of the critical point is an active field of
research. At high chemical potential and low temperature, color superconducting phase is
expected to exist.

In the next section, we are going to discuss about non-central heavy ion collisions and

its consequences.

11
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1.5 Magnetic field in non-central heavy ion collisions

Figure 1.5: Non-central heavy ion collision.

The diagrammatic view of non-central HIC is shown in Fig. 1.5. In this figure, y-axis
is the beam axis and z = 0 plane is the reaction plane. The separation between the centers
of two colliding nuclei is known as the impact parameter b. In recent times, more research
interests are growing in non-central heavy ion collisions. Several studies indicate that non-
central heavy ion collisions produce strong magnetic fields in the direction perpendicular
to the reaction plane. The magnetic field strength simply can be estimated using the Biot-
Savart law. If two nuclei of radius R with electric charge Ze collide with impact parameter

b, then the magnetic field strength at center of mass frame reads as [63]

b
B~ fyZeﬁ, (1.5)

12
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where v = \/syn/2my is the Lorentz factor. At RHIC, using /sy = 200 GeV, Z = 79
for Au+Au collision and b ~ R, ~ 7 fm one gets B ~ 10'® Gauss. At LHC, using
VSnn = 5.02 TeV, Z = 82 for Pb+Pb one gets about 30 times larger value [64—66].

The magnitude of the produced magnetic field depends on several parameters such
as impact parameter, collision energy, conductivity of the medium etc. The strong field
produced in heavy ion collision (HIC) decays sharply with time. In Pb+Pb collision at
/s = 2.76 TeV, it is shown in Ref. [67] that for an insulating medium the magnetic field
strength of ~ 100 m? decays to a very low value within around 0.1 fm/c after nuclear im-
pact [68]. However some studies [63, 69] have shown that the presence of finite electric
conductivity of the medium can extend the life-time of the magnetic field. The presence
of anisotropic field in the medium may affect the hot matter produced in the HIC. The
various properties of QGP are needed to be investigated in the presence of magnetic fields.
Different novel phenomena like chiral magnetic effect (CME) [70], thermodynamic prop-
erties [71-74], properties of quarkonia [1, 75], photon and dilepton production rate [76—
80], transport coefficients [81, 82] and so on have been studied over the last few years.
Using different effective models, the impacts of the external magnetic field have been in-
vestigated. It has been shown from various model studies [83—86] and earlier lattice QCD
investigations [87] that the value of chiral condensate at finite temperature and magnetic
field would be higher than the value of it at zero magnetic field. This property is called
magnetic catalysis (MC). But later lattice studies [88—91] shows that the chiral condensate
decreases with increasing magnetic field near the crossover temperature and this feature is
called inverse magnetic catalysis (IMC). In recent times, several effective models [92-95]
like NJL models explain this behavior by considering the magnetic field (eB) dependent
coupling. The IMC effect can also be introduced by considering the non-local NJL. model

in presence of the magnetic field [96]. More comprehensive discussions can be found in

13
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Refs. [97, 98].

Besides the non-central heavy ion collisions (HIC) magnetic fields also possess astro-
physical consequences. The strong magnetic field can be found in the core of magnetars,
neutron stars. As they are the sources of strongest magnetic fields in nature, the effect of
the strong magnetic field in the dense phases of the strongly interacting matter is extremely
important to study. Some sources and strengths of magnetic field from various sources are

listed in table 1.1.

Magnetic field strength Various sources

(Tesla)

10712 Human brain

107° Earth’s magnetic field
1073 Refrigerator magnet

10° Loudspeaker magnet

103 magnetic field in lab

106 non-magnetar neutron star
108 — 1011 magnetar

10t Heavy-ion collisions

Table 1.1: Comparison of magnetic field strength of various sources.

The presence of magnetic field in HIC introduces an extra scale in the system and
the theoretical calculations become more challenging. In this situation one can work in
different regimes of magnetic field strength. Initially, after the collisions, the magnetic
field strength is very high and one works within the strong field limit. In presence of strong
magnetic field, we may consider lowest Landau level (LLL) approximation [80, 99]. As
mentioned earlier, the field strength decays rapidly with time and in this situation one can

use weak field expansion [100]. Most of the current studies in the heavy-ion community

14
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focus on these two limiting cases. But in general one can compute any quantity in the
regime of arbitrary magnetic field strength. In this thesis photon damping rate and chiral
susceptibility in presence of weak magnetic field have been studied in Chapter 5 and 6
respectively. In Chapter 8 transport properties are discussed in presence of strong magnetic
filed. In Chapter 7 we obtain the imaginary part of heavy quark potential in arbitrary

magnetic field strength.

1.6 Signatures of QGP

We learned from the previous sections that the produced QGP matter in HIC undergoes
through the phase transition to hadronic matter. Due to the color confinement nature, only
colorless hadrons and leptons can come out to the detectors. The hadrons are emanated
predominately from the freeze-out surface whereas the leptons and photons are coming
out from all the stages of the evolution (see Fig. 1.3). As the leptons and photons interact
electromagnetically, they can be emitted without interacting much and can be used as direct
probes. Now we are going to discuss some significant probes [101-103] involved in QGP

identifications.

1.6.1 Electromagnetic probe

Real photons () and virtual photons (7*) are considered as the electromagnetic probes
of QGP. The virtual photons finally decay into lepton pairs (e.g. ete™, u"u~). As they
interact weakly with the medium, their mean free path become greater than size of the
fireball ~ 10 fm [104]. So they can carry the information from the early stages of the

collisions. The hadrons interact strongly with the system and lose the the initial stage
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information during the evolution of the system. These are used as the indirect probes.
Extraction of the electromagnetic spectrum is complicated. Photons are produced from
various mechanism such as hadronic decays, initial stage hard scattering before medium
formation. These contribution to the spectrum should be removed to get the information
from the thermal medium. More about the electromagnetic probes are discussed in Refs.

[105-107].

1.6.2 Strangeness Enhancement

Strangeness enhancement is one of the most important signatures of QGP. The productions
of strange particles are enhanced [108—110] in heavy ion collisions with respect to the pp
collisions. Strange quark anti-quark pair can be produced from quark anti-quark or gluon

fusion:
qq — SS , gg — S8 (¢ = u,d). (1.6)

In this processes, the energy thresholds are 2m, = 190 MeV where strange quark mass m
1s 95 MeV. In contrast, strange hadrons can be produced from nucleon nucleon reactions.
But the energy threshold would be very high to produce strangeness because the mass of
the strange hadrons are high enough. For example, energy threshold would be about 1 GeV
to produce Kaon (my+ ~ 493MeV). Strangeness production is much easier if the plasma
is formed. So this is a good signature suggesting the formation of QGP phase.
Strangeness enhancement can occur when baryon stopping is large [111, 112]. Due to
the finite baryon density, light quark energy levels are occupied by many light quarks and
the productions of those non-strange light quarks are suppressed resulting a high 5/g ratio

in QGP.
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1.6.3 Quarkonia suppression

Bound state of quark and anti-quark pair (¢g) is known as quarkonium. .J/¢ is the bound
state of charm quark and anti-quark (c¢) whereas, the bound state of bottom quark and
anti-quark (bb) is called as Y. Heavy quarkonia produced in very early stage of the nucleus
nucleus collisions traverse the deconfined plasma phase. Due to the color screening nature
of this medium, the binding of the ¢¢ can be prohibited. If the screening radius becomes
smaller than the binding radius, then the quarkonia can not be produced [113, 114]. If the
QGP is produced in the nucleus nucleus collisions, quarkonia productions are suppressed
in those collisions as compared to the proton proton or proton neutron collisions. Experi-
mentally, quarkonium provides signal through the lepton pair decays [115]. Theoretically,
quarkonium spectral functions are studied through various potential models [116, 117] and
lattice QCD [118]. In this thesis, decay width of heavy quarkonium of magnetized QCD

plasma is discussed in Section 7.

1.6.4 Jet quenching

In HIC experiments, high energetic scattered partons traverse the QGP medium losing their
energy. Finally, they fragment into ‘jet’ particles and come to the detector. The partons lose
their energy via radiative and collisional processes. Collisional energy loss occurs due to
the scattering between medium partons and initial primary partons whereas, the radiative
energy loss happen due to the gluon radiation. Due to the formation of medium, energy loss
of jet is larger in nucleus nucleus collisions compared to the pp collisions. This phenomena
is called “jet quenching” [119-123].

Experimentally, the jet energy loss is quantified through the measurement of the nuclear
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modification factor R 44, which characterizes the ratio of yield in nucleus-nucleus (A-A)
to proton-proton (p-p) collisions scaled with (N,,;;), the mean number of nucleon-nucleon

collisions in a single A-A collisions. So it can be written as

1 dN3,/dprdn
(Neour) ngp/dedTI ’

Raq = (1.7)

where dN% . /dprdn is the differential yield of high-Pr (transverse momentum) jets per
event in X-X collisions. If A-A collision behaves like simple superposition of nucleon-
nucleon, the nuclear modification factor R 44 would be unity. But, experimental results

shows a suppression of jets indicating the formation of jets [124, 125].

1.6.5 Anisotropic flow

In non-central collisions (non zero impact factor), almond shape overlapped zone is formed
by the Lorentz contracted nuclei. This initial spacial anisotropy of the deformed shape leads
to the momentum anisotropy. Fourier decomposition of the invariant triple differential
distributions is given by [126]

d*N d*N 1

B ar || T2 —9r)|; 1.8
d3p ppoTdy2T|: +; (% COSTL((b ¢R) ( )

where vy is rapidity, pr is the transverse momentum, ¢ is the azimuthal angle, ¢ is the
reaction plane angle and £ is the energy of the particle. The pr and y dependent coefficients

are given by

Uy, pr) = {(cos[n(¢ — ¢r)]), (1.9)
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where the angular brackets represent an average over the particles and sum over all events
in the (pr, y) bin under consideration. For central collision v,, = 0 and only the radial flow
exists. The coefficients v, and v, denote the direct flow and elliptic flow respectively. If the
particles of the system interact, then the local thermal equilibrium would be attained and
the system can be described by the thermodynamic quantities. The spatial anisotropy of
the system creating the pressure gradient in transverse plane leads to anisotropic azimuthal
distribution of particles. Then the nonzero v,, would exist. Flow coefficients indicate the
level of thermalization of the QGP matter generated in the HIC. For more detailed analysis,

see Refs. [127-129].

1.7 Kinetic theory

In this section we would briefly introduce the kinetic theory [130, 131] which can describe
many particle system from Hamiltonian description of N ~ O(10%®) particles to the equa-
tions of fluid dynamics. The starting point is the Liouville’s equation which describes the
system by considering probability distribution over N particle phase space. But this is not
easy to continue with the function of N variables. So one can focus on the one particle
distribution function instead of the probability distribution function of N particles. In this
way one can obtain a set of coupled equation explaining the dynamics of a system. This is
known as Bogoliubov-Born-Green-Kirkwood-Yvon (BBGKY) hierarchy. Though it is not
easy to deal with a set of coupled equations, depending upon the problems some approx-
imations can be implemented by truncating the hierarchy to something manageable. One
simple truncation leads to the Boltzmann equation which is based on the assumption that
the time duration of collision is smaller than the time between two collisions. This kind

of assumptions are applicable in dilute gas. The Boltzmann equation can be applicable in
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some cases of relativistic thermal field theories such as dilute hadron gas.

An out of equilibrium isolated system evolves towards equilibrium state by increas-
ing entropy. The system try to restore its equilibrium by transporting matter, momentum
or energy. For example, viscosity is related to the momentum transfer whereas, thermal
conductivity is related to the heat transfer. The microscopic mechanism of the momentum
or energy transportation is involved with the interactions with the constituent particles of
the system, so investigation of the transport phenomena can provide information about the
nature of the interactions. So the transport properties can be good probe to understand the
thermodynamic characteristic of a system. Transport coefficients are also used as the input
of the hydrodynamic simulations [31, 132]. With these motivation we have studied the

transport coefficients of hadronic matter in Chapter 8.

1.8 Hydrodynamics

The functional relationship between the state variables such as energy, pressure etc is called
equations of state for the system. Following various conservation law, hydrodynamics pro-
vides those relations among the state variables or the macroscopic quantities. It gives
the space time variation of the measurable macroscopic quantities. Although kinetic the-
ory interprets the macroscopic quantities, it does not obtain their time variation within an
evolving system. Whereas, hydrodynamics can provide time variation of those equations
of macroscopic quantities for the system. The laws of ideal hydrodynamics were first con-
structed by Landau [133] for explaining the expansion of the strongly interacting matter
formed in high energy hadronic collisions. Bjorken [134] found out a simple scaling solu-
tion providing a natural beginning point for more elaborate solutions in the ultra-relativistic

regime. Because of the classical theory and local equilibrium assumption, the use of the
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Landau model was questionable for high energy physics for many years [135]. In those
time, it was not truly believed that the highly excited system in nuclear collisions can be
described in terms of a macroscopic theory [136]. and the Landau model was lying out-
side of ongoing physics [135]. Later, in Refs. [137, 138] the authors have shown that the
utilization of hydrodynamics in explaining of data is a way to prove the existence of a new

state of matter in laboratory.

To describe the ideal fluid dynamics, local thermal equilibrium condition is assumed.
The system is characterized by energy density ¢, pressure P, charge density and fluid four

velocity u# at space-time point z*. The four velocity is defined as

ut = Ciii:’ (1.10)
where the proper time increment is given by
(d7)? = g datda” = (dt)* — (dx)* = (dt)*(1 — v?), (1.11)
with v = 2. So u# can be written as
ut(z) = %3—; =v(1,v(x)), (1.12)
where v = \/ﬁ with normalization
u(z)u,(x) =1 (1.13)

and v(x) is the flow velocity. The fluid dynamics is governed by the conservation of
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energy-momentum and the baryon number

9,T" = 0, (1.14)

o, Jy = 0. (1.15)

The energy-momentum tensor 7" is given by

" = (e + P)u*u” — g"'P (1.16)

and the baryon number current j% can be written as ji5(x) = u”(z)npg(z), where ng is the
baryon number density. From Egs. (1.14) and (1.15), one can get five independent equa-
tions. One more equation can be obtained from the equation of state of the fluid relating the
energy density € and pressure P. Space-time evolution of P(x), €(z), np(z) and the flow

velocity components can be determined by solving the six equations mentioned above.

Contracting Eq. (1.14) with u,, and using u, 0,u” = 0 from Eq. (1.13), one obtains

ude + (€ + P)d,ut = 0. (1.17)

Using the thermodynamic relations € + P = T's 4+ pugn and de = T'ds 4+ pgdn with the

baryon number conservation, one can get the entropy conservation

Ju(sut) =0, (1.18)

which is a natural consequence for considering ideal fluid. In case of ideal hydrodynamics

limit, all the dissipative effects are neglected.

In ideal hydrodynamic limits, local thermodynamic equilibrium is considered where the
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net flow of matter or energy is zero. The deviation from the equilibrium causes dissipation.
In case of dissipative fluid, the energy-momentum tensor and baryon current get modified

as

™ = (e+ P)u'u” — Pg" + ", (1.19)

g = nput +VE, (1.20)

where 7/ and V}; are dissipative quantities. The governing equations are obtained from

the conservation laws of energy-momentum tensor and the baryon number.

1.9 Plasma Instability

As discussed in the last section, hydrodynamic model can explain the time evolution of the
produced matter in the relativistic HIC experiments and it requires the locally equilibrated
system. Collective flow and particle spectra studied within hydrodynamic models suggests
that the equilibration time is less than 1 fm/c. For strongly coupled system this quick
equilibration can be explained. But in case HIC, the produced matter behaves like weakly
coupled plasma because of asymptotic freedom. So the question of fast equilibration arises
for the weakly coupled plasma. The perturbation study suggests the time scale of 2—3 fm/c
for thermalization. Recent studies show that the plasma instabilities can play important role
to explain such fast equilibration [139-141].

After the nuclear impact, the system expands along the collisional direction [142].
Due to the rapid longitudinal expansion, the system becomes much cooler in the longi-
tudinal direction than the transverse direction resulting the momentum space anisotropy,

(pr) < (pr). There are broadly two types of plasma instabilities [143] : (i) hydrody-
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Chapter 1. Introduction

namic instabilities and (i1) kinetic instabilities. Hydrodynamic instabilities are created by
coordinate space inhomogeneities whereas the kinetic instabilities are associated with non-
equilibrium momentum distribution of particles. In simple terms, it can be said that the
collective modes possess positive imaginary part in their mode frequencies and it results
in an exponential growth in the chromomagnetic and chromoelectric fields. The presence
of such Chromo-Weibel instabilities can affect on the thermalization and isotropization of
the medium. In Chapter 4 we have studied ellipsoidal momentum-space [144] anisotropic
system and the occurrence of plasma instabilities.

We will end the introductory chapter by stating the scope of this thesis in the next

section.

1.10 Outline of this thesis

In Chapter 2 we discuss some basics of finite temperature field theory which would be used
in the rest of the thesis. Here we explain two methods i.e. imaginary time formalism and
real time formalism in thermal field theory. We also show the Matsubara frequency sum
rule used in imaginary time formalism.

In Chapter 3 the general structure of gauge-boson self-energy is formulated. The self-
energy is constructed in presence of two anisotropy and thermal medium. Further the
covariant structure of gauge-boson propagator has been obtained. In this thesis, this propa-
gator is used to study ellipsoidal momentum anisotropy case and also the properties of the
magnetized medium.

Gluon polarization in presence of ellipsoidal momentum-space anisotropy has been
studied in Chapter 4. General structure of gluon propagator is used in this chapter. Gluon

self-energy is calculated in real time formalism. Mass scales are introduced for each collec-
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1.10. Outline of this thesis

tive modes. Also the unstable modes are studied in presence of the ellipsoidal momentum-
space anisotropy.

In Chapter 5 weakly magnetized hot QED plasma comprising electrons and positrons is
considered. We evaluate the damping rate of hard photon by calculating the imaginary part
of the each transverse dispersive modes in a thermomagnetic QED medium. Considering
the resummed fermion propagator in a weakly magnetized medium for the soft fermion
and the Schwinger propagator for hard fermion, the soft contribution to the damping rate
of hard photon is calculated. This formalism can easily be extended to QCD plasma.

In Chapter 6, we have computed the chiral susceptibility in QGP in the presence of a
finite chemical potential and a weak magnetic field within hard thermal loop (HTL) ap-
proximation. We obtain a completely analytic expression for the chiral susceptibility in
the weak magnetic field approximation. The effect of the thermomagnetic correction is
discussed.

The Chapter 7 is devoted to study the imaginary part of the Heavy Quark (HQ) potential
and subsequently the dissociation of heavy quarkonia, within the most general scenario of
magnetized hot medium. We have investigated the rich anisotropic structure of the complex
HQ potential which explicitly depends on the longitudinal and transverse distance. We have
also compared our result with various approximated results available in the literature and
explained the differences between them.

The shear viscous coefficient of hadronic matter in the presence of temperature and
magnetic field using the linear sigma model has been calculated in Chapter 8. We estimate
the shear viscosity over entropy density 7/s in the relaxation time approximation. The
point-like interaction rates of hadrons are evaluated through the S-matrix approach in the
presence of a magnetic field to obtain relaxation time.

Finally we conclude in Chapter 9 with future directions of research.
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Chapter 1. Introduction

Notations and conventions:

In this thesis we follow the natural unit: 4 = ¢ = 1. In this convention [length] = [time] =
[mass]™' = [energy] .

The metric tensor is given by g"” = diag(1, —1, —1, —1). Any four vector V* is given as
Vi = g"V, = (vy,v) = (vo, Uz, Uy, V). v is three vector with the magnitude |v| = v =
Vi = (0,v,,vy,0) and V* = (vp,0,0,v,) are the perpendicular and parallel components

of the four vector V'* respectively.

The electromagnetic field tensor reads as

0O E, E, E,
~E, 0 -B. B,
~E, B. 0 -B,

~E. =B, B, 0

The electric fields (£;) and magnetic fields (B;) are obtained as

Ei = Foi
1 ,
i = —§€iij]’ka

where ¢;;;, is Levi-Civita tensor.
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BASICS OF FIELD THEORY AT FINITE

TEMPERATURE

In this chapter we would discuss two formalisms i.e. imaginary time and real time for-
malism which are used in this thesis. We begin by reviewing the equilibrium statistical
thermodynamics. A grand canonical ensemble in equilibrium at finite temperature 7' is

described in terms of the partition function as

Z(B) = Trp(B)=Tre PUN, 2.1)

where (3 is the inverse of temperature i.e. 5 = 1/7 and y is the chemical potential of the
particles is the system. H is the Hamiltonian of the system and NN is the number operator.
p(B) is the density matrix. In a canonical ensemble the system is allowed to exchange
energy with the heat bath, whereas, in a grand canonical ensemble the system can exchange

both energy and particles with the reservoir. The ensemble average of an observable O is
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Chapter 2. Basics of field theory at finite temperature

defined as

1
(O = ——=Trp(B)O. (2.2)
ALY
Partition function is important function in thermodynamics and various thermodynamic

quantities like pressure (P), entropy density (S), particle number density (n;) and energy

density (€) can be calculated from the following relations:

B (TnZ)

P = ETa (2.3)
~ 190(T'n2Zz)

S = vVoor (2.4)
_ 19(T'lmZz)

n; = Va—,ul7 (2.5)

where V is the volume of the system. Usually the width of a system is larger than the
inverse of the temperature, so that infinite volume limit is taken as a good approximation

to describe the thermodynamics.

2.1 Imaginary time formalism

If a Schrodinger operator O is given, we can define a operator in Heisenberg picture Oy ()

as
On(t) = Qe 1, 2.7)
Thermal correlation function of two Heisenberg operators O} (t) and O%(t') can be
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2.1. Imaginary time formalism
written as
(On(OFE))s = 271 (B)Tr[e”MOR(H)OF(V)]
= Tr[e ’BH(Ql e BHO2( )]
— (B)Tr[O4(t +iB)e MO (t)]
= Z'(B)Trle MO (t)OL(t +iB)]

= (OK(t)Oy(t+1iB))s. (2.8)

The cyclic properties of the trace operation is implemented here. The relation of equa-

AT

Figure 2.1: Wick rotation to imaginary time in complex time plane.

tion (2.8) is known as the Kubo-Martin-Schwinger (KMS) relation. This KMS relation

leads to the periodicity for bosonic field and the anti-periodicity for fermionic fields in
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Chapter 2. Basics of field theory at finite temperature

various two point greens functions because of the commutation and anti-commutation re-
lations, respectively. From Eq. (2.8) it can be said that the imaginary temperature is con-
nected with the time as = it = 7. It can be realized by the Wick rotation in complex
time plane from Fig. 2.1. It could be noticed that evolution operator (e =) has the form

of time evolution operator (e~ ") with 3 = it.

The Matsubara (imaginary) time formalism [145] presents a way of evaluating the par-
tition function using a diagrammatic method. Now, for a field theory in (d+ 1) dimensional

space-time at finite temperature, the partition function is written as,

Z(B) = Tre P = /quexp {— /0/3 dT/ddX E(gb(x))}, (2.9)

where L is the Lagrangian density of the theory. For the bosonic case, the fields obey the

periodic boundary condition

¢(0,x) = ¢(83,x), (2.10)

whereas the fermionic fields obey the anti-periodic boundary conditions

$(0,x) = —¢(B,%). 2.11)

The Feynman rules in finite temperature field theory are same as in zero temperature
except that the imaginary time 7 becomes finite: 0 < 7 < . Due to the finite range of

T, in the frequency space one has to perform a Fourier series decomposition involving the

30



2.1. Imaginary time formalism

discrete frequencies. So, the loop frequency integrals are replaced by loop frequency sums:

d*K d*k
— =T — 2.12
=73 oy —
with the sum over the Matsubara frequencies

ko = 1w, =2mrT for bosons, (2.13)

ko = iw,=2n+1)inT +pu for fermions. (2.14)

2.1.1 frequency sums

Bosonic case:

Now we need to perform the the frequency sum. In general the bosonic frequency sum can

be written as
1 & . .
E E fko = iw, = 2minT). (2.15)

Since hyperbolic cotangent has poles at n7z with residue unity, one can insert hyperbolic

cotangent with suitable argument as

% > flko = iw, = 2minT)Res [g coth (%)} . (2.16)

n=—oo

Here hyperbolic cotangent corresponds to poles at

2min
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Chapter 2. Basics of field theory at finite temperature

with residues 2//5 and as a result Res { coth (%)} leads to unity. From (2.16), one can

write

3 Z (ko Res[gcoth (5;“0)] = 3 Z —Res[ (ko) coth (520)].(2.18)

n=—oo n=—oo

Using the residue theorem the sum over residues can be expressed as an integral over

contour C'in Lk as

Im k, ko ik, [k
-~ -7 [~ ~
Ve AN
% AN
/ \
/ G \
4 A \
| |

(a) (b)

Figure 2.2: Contour for bosonic frequency sum.
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2.1. Imaginary time formalism

* coth(Bkq/2) is bounded and analytic everywhere except the poles ky = iw,, = 2miT.

* The function f(ky = iw,) may have simple poles but no essential singularities or

branch cuts.

* The function f (ko) should not have singularities along the imaginary k axis.

Now the contour can be deformed as in Fig. 2.2b dividing the contour C' in two half circles

C1 and C5 in complex plane k.
So, the sum integral for the bosonic case can be written as
Tka ) = —— dko f (K —m)1+; (2.20)
0 — n - 271 0 0 — n ) .

i 2 exp(fko) — 1

n=-0o0 C1UC>

where we used the relation

Bko\  _ 2
co th( ; ) = 1+expwk0)_1. (2.21)

It is noted from eq. (2.20), that the vacuum part (7" = 0) and medium part (7" # 0) are

separated.

Finally, Eq. (2.20) can be decomposed as

T (ko = iw,) = — dkof(ko)|= + ————
n_zoo f T 2mi —i0o+-€ Of( 0) 2 eXp(ﬁko) -1
1 [ 1 1
- — dkof(ko)| = + ————|. 2.22
2mi i00—¢ Of( 0) |:2 " eXp(ﬁk?()) - 1:| ( )

Changing variable k) — —kj in the second integral and using the relation ng(—kq) =
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Chapter 2. Basics of field theory at finite temperature

—1 —ng(ko), one can write

T Z flko =iw,) = 2%” y dko%[f(k‘o)—i-f(—ko)]
100+€
* 2L dko[f (ko) + f(=ko)np(ko),  (2.23)
T J —ioote

where np(ko) = is the Bose-Einstein distribution function including the medium

1
exp(Bko)—1

effects. We can see that the sum is now converted into a convenient complex integral form.

Fermionic case:

In the similar manner, one can obtain the fermionic frequency sum. The general form of

the fermionic frequency sum reads as

1 oo
3 > flko = iwn = (20 4 DmiT + p). (2.24)
As the function gtanh ﬂ(poT_“) has poles at py = (2n + 1)7mT + p with residue unity, one

can put hyperbolic tangent with suitable argument as

1 & ko —

3 HZZOO f(ko = iw, = (2n + 1)miT + p)Res [g tanh (M)] : (2.25)
As it is shown for the bosonic case, here we can write the frequency sum as

Z f(ko = iw, = 2n + V)miT + p)

n=—oo

1
B
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2.1. Imaginary time formalism

1 ko — 1
= h
27‘(‘ dk02f(k0> tan (ﬁ 5 >
C
1 ico+pte |:1 1 :|
271 e |3 T B — )+ D)

1 100+ 1—€

- dko f (ko) [% +

2mi —100+p—e€

]
exp(Blko— i) + 1))

(2.26)

After performing the fermionic/bosonic sums, one has to perform the loop momentum
integration to calculate several thermodynamic quantities which will be discussed in some

next chapters.

2.1.2 Saclay Method

Here, a convenient approach called Saclay-method is discussed to evaluate the frequency
sums containing two or more propagators in Feynman loop diagrams. The bosonic propa-

gator Ap(K) = 1/(K? —m?) = 1/(k? — k* — m?) in momentum space is written as

B
AB(K) = —/ dTekoTAB(T, Ek), (227)
0
where
AB(T, Ek) = —T Z 7k0TAB
ko=2nmiT
1
- 2E, [{1 +np(By) e 4 np(By)e™
_ 1 E) e 5EkT, 2.28
s;; 2Ek{ + np(sEy)}e (2.28)
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Chapter 2. Basics of field theory at finite temperature

The above equation can be derived from Eq. (2.23) using the contour integration. Ej =

V'k? + m? is the particle energy and

1
denotes the Bose-Einstein distribution.
The fermion propagator is represented as
S(K)=® +m)Ap(K). (2.30)
The quantity A (/') can be written in mixed representation as
B
Ap(K) = — / dre™ Ap(t, Ey), (2.31)
0
where
Ap(t,Ep) = T Z e " Ap(K)
ko=(2n+1)miT
= 3 {1 np(sEy) e B (2.32)
= 2B

np(Ey) = ﬁ is the Fermi-Dirac distribution.

Evolution of frequency sums:

We discuss the fermion-antifermion case. This kind of situation appears in gauge-boson

self-energy calculation where the external line is a bosonic line.
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2.1. Imaginary time formalism

1. Evolution of 7" )}, Ap(K)Ap(Q):

T Y ArK)ARQ=P-K)

ko=(2n+1)inT

B B
TZ/ dT/ dTlekOTAF(T, Ek)erT/AF(T,,Eq)
/dT/dT ePoT' T Z ko (T’ AF (1, Ex) Ar(T', Ey)

ko
/dT/dT'epoT/(S(T—T/)AF(T, Ey)Ap(T', E,)

/ dre™ " Ap (T, By ) Ap(T, Ey)

S1S8
Z 4514321 /dT epOT[l — nF(SlEk>H1 — nF(SQEq)]G_SlEk_SQEqT

51,52

B Z s152 1 —np(s1Ex) — np(seE, ) (2.33)
51.50 4Ek Po — SlEk — SgEq
2. Evolution of '), koAr(K)Ar(Q):
T Y kAp(K)Ap(Q=P-K)

ko=(2n+1)inT

= TZ/ dT/ i L (") Ap(T, By)e®” Ap(r, E,)

= TZ / E(ekW)AF(T, Ek;)dT/dT/equlAF(T/, E,)). (2.34)
ko
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Chapter 2. Basics of field theory at finite temperature

We Use integration by parts to simplify the last line,

I
0

or

(ekOT)AF(T, Eydr = Ap(T, Ek)ekm

B B 0
- / T —Ap(7, By)dr
o 0

0 T
B 0
= —[AR(B.E) + Ap(0, Ey)] — / o7 Ap(r, Ei)dr
0
A 0
= —/ efT — Ap (1, By)dr. (2.35)
0 or

We have used ¢*” = —1. By using Eq. (2.32), It is also easy to show that the terms in the

third bracket of the second line of Eq. (2.35) give zero. Putting Eq. (2.35) in Eq. (2.34) we

get,

T ) kApK)ARQ)

ko=(2n+1)ixT

B B 9 ,
TZ/O dT/O dT'ekOTEAF(T,Ek)erT Ap(T', E,)

ko

/ il T—7' 9 /
/dT/dT ePo T;ek(’( )EAF(Ty Ek)AF(TaEQ)

/dT/dT’epoTl(S(T—T,)aﬁAF(Ta Ey)Ap(T, Ey)
T
/dTepoTagTAF(T, Ep)Ap(T, E,)

Z 52 /dT e[l — np(s B[l — nF(S2Eq)]€flek752EqT
S1,8 4Eq
Z S92 1—71F(81Ek) _nF(SgEq)

2.36
4Eq Po — SlEk — SQEq ( )

51,52

We have used here e”? = 1 as the external line is a bosonic line i.e. py = 2minT.
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2.2. Real time formalism

2.2 Real time formalism

Imaginary time formalism is applied to study the static and equilibrium properties of a
system. The time dependence appears non-trivially through the analytical continuation.
This formalism cannot describe the out of equilibrium systems. On the other hand, real
time formalism is appropriate framework to handle the out of equilibrium systems and also

to study the dynamical situations such as phase transition or evolution of the universe.

The real time formalism was originally proposed by Schwinger and Keldysh [146, 147].
Here we briefly discuss the real time method [148—150]. For better understanding we start
with quantum mechanics. At finite temperature 3~! = T, the one important quantity is the

partition function

Tre P :/ dq (q, tle Mg, t) . (2.37)

o0

This is the analogous to the transition amplitude for a system from ¢ at time ¢ to ¢’ at time

" in vacuum theory

(d g, t) = (¢, t'|e Vg, 1), (2.38)

where H is the Hamiltonian of the system. The operator e~ */(*'~%)

corresponds that the
system evolves from time ¢ to ¢’. Similarly, drawing the analogy with the vacuum case, one
can think that the operator e ¥ = ¢=#(7=i5=7) eyolves the system from time 7 to 7 — i3

in the complex time path C.
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Chapter 2. Basics of field theory at finite temperature

Thermal scalar field propagator is defined as

D(z,2) = i(To(x)¢(x))
= 0(r —m)i{p(x)p(a")) + (7" — 7)i(p(z")p(2)),
= O(r—7")Di(z,2") +60(r" —7)D_(x,2'). (2.39)

7 and 7’ are the points on the contour. (7 — 7’) is the contour-odered theta function.
D, (x,x';7,7') is defined in domain —f < Im(7 — 7') < 0 whereas, D_(x,x’;7,7’) is

defined in domain § > Im(7 — 7’) > 0. The thermal propagator satisfy the equation
(O* + m*) D(z,2") = 64z — o), (2.40)
with boundary condition
D_(x,x';7,7") = Dy (x,x";7 —i83,7") (2.41)

known as KMS relation (shown in Eq. (2.8)). Going to the spacial Fourier transform space
and solving the differential equation one can easily get

l

Dk;7—7") = o
w

{ (07 —7') +nple™ ) 4 [0(r" —7) + np] 6iw(TT/)}’ (2.42)

where np(w) = —=— is the single particle thermal distribution function with w? = k* +

Bw_1
m?. Now we need to specify the contour and the suitable choice is shown in Fig. 2.3. The
path traverses from —¢ to +¢ in real axis, then it continues in vertical path from ¢ to t—i3/2.

Then it runs from parallel to real axis upto —¢ — i3/2 and finally takes the vertical path

upto —£ — 13.
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2.2. Real time formalism

Im~z

—1 ! Rer

* —il
2
—i-ip

Figure 2.3: The contour for the real time formalism.

D(k,m,,7,) — 0 by Riemann-Lebesgue lemma where 7, and 73, are points point on
vertical and horizontal lines respectively. Both points on vertical lines are not considered
as we are interested only in propagator having points on real axis. So, we are left with two
lines parallel to real axes and the propagator can be written in form of 2 x 2 matrix. The
propagator is given in ¢j-th element as

l

w

J

{ [0(r; — 7)) + nB]e_w(T"_TJ{) + [0(7) — ) + nB}ei“(Ti_TJ{)}.(Z.%)

Now we can write down the contour ordering in terms of the usual time (¢) ordering. When
7 and 7’ are on line 1 (real axis from —¢ to t), 0(7; — 71) = 0(t —t'). If 7 and 7’ are on line
2 (real axis from ¢ — i3/2 to —t — i3/2), it is written as 0(72 — 74) = 6(t' — t). When the

points are on different lines, we note that f(m; — 75) = 0 and §(7, — 77) = 1.

Now the components of propagator in the momentum space are written by taking tem-
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Chapter 2. Basics of field theory at finite temperature

poral Fourier transform as

Dij(k, ko) = / e D (k; 7y, 7)) dt. (2.44)

—00

Performing the integration, they can take the forms

Dy = Ap(k) + 2imng(w)d(k* —m?), (2.45)

Diy = 2iny/npw)(1 +np(w))d(k* —m?), (2.46)
whereas the other components are written as

D21 = D127

Dyy = —=Dj;. (2.47)

Finally, we can write the momentum space scalar propagator in terms of matrix as

Ar(k 21 S(k? —m? 21 1 d(k? — m?
Dikok) — r(k) + 2imnpd( m?) imy/np(l+ng)d( m?) 048)

2imy/ng(1+ng)d(k?* —m?) —Ap(k)* + 2itngd(k* — m?)

where Ap(k) is the free scalar propagator. We use real time formalism to calculate gluon

self-energy in chapter 4.
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COVARIANT STRUCTURE OF

GAUGE-BOSON PROPAGATOR

In this chapter covariant structure of gluon self-energy and effective propagator is con-
structed for two independent anisotropy directions in presence of heat bath. In this case the
general structure of gauge-boson self-energy are expressed as a linear combination of six
linearly independent projection tensors. This chapter is based on the work presented in the
following paper: Covariant formulation of gluon self-energy in presence of ellipsoidal
anisotropy

Ritesh Ghosh, Bithika Karmakar, Arghya Mukherjee, Phys. Rev. D102 (2020) 11, 114002,

[arXiv:2011.03374].

In this thesis we are mainly interested in two anisotropy case: one is anisotropy due to
the modeling of non-equilibrium distribution function by modifying the equilibrium dis-
tribution and the other anisotropy is due to the background magnetic field. Due to the

presence of the anisotropy, the symmetry of the system is broken. In this chapter covariant
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Chapter 3. Covariant structure of Gauge-Boson propagator

structure of gauge-boson propagator is constructed for two independent anisotropy direc-
tions. We consider a thermal QCD medium with two anisotropic directions characterized
by two independent four vectors a* and b* having unit norms. These two, together with
the normalized heat bath velocity (u*) and the gluon momentum (P*), can be used to form
a set of ten independent symmetric tensors so that the symmetric gluon polarization tensor
can be expressed as a linear combination of them. A simple choice for this purpose may
be the set of tensors P*PY, uu”, b*b”, a*a”, P*u” + PYu*, P*bY + PYb*, P*a¥ + PYa*,
utb” +btu”, uta” +u”at and b*a” 4 atb”. Notice that, along with the four vectors, we have
not considered the metric g*” as usually done in isotropic or even in anisotropic case with
one anisotropy direction. This is because, in case of two anisotropies, the metric itself no
longer remains an independent tensor and can be expressed as a linear combination of the
chosen set. Now, the constraints from the transversality condition P#II,, = O further re-
duce the number of independent basis tensors to six. In the rest frame of the heat bath with
u* = (1,0,0,0), one of the anisotropy directions can be taken along z, say b* = (0,0, 0, 1),
whereas the other anisotropy direction can be assumed to lie in the xz plane without any
loss of generality. In the following we discuss a convenient method to obtain the basis

tensors in a systematic way.

Let us first consider the general structure of the gauge boson self-energy in vacuum that

can be written as

PP
P2

" = (g“” - ) I1(P?) = V*II(P?). (3.1

Using the tensor V#, we obtain 4" = V' *”u, which can be used to construct the first basis
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tensor given by

~ 1SV
A = (3.2)

ﬂ?

Now, it is useful to define the A" subtracted part of V** as U = V#* — A" which

can be used to obtain b* defined as b* = U*"b, such that, it becomes orthogonal to u* by

construction. Similar to the earlier case, we obtain our second basis tensor using b as
b

1%
B - (3.3)

Another symmetric tensor that can be constructed intuitively using b* and @* together is

given by

e

2V

To obtain the rest of the tensors, once again we go through the similar steps: at first we

cH (34)

define R* = UM — B which, in this case, can be viewed as the A*” and the B*¥
subtracted part of our vacuum basis tensor VV#¥. Then we obtain the a* from a* as a" =
R" a,,. This time, the newly constructed a* becomes orthogonal to b as well as @*. Note
that, all the four vectors of the set u*, b* and @ are orthogonal to the gluon four momentum
P* and hence the basis tensors constructed using them trivially satisfy the transversality
condition. Moreover, because of the orthogonality among the constructed four vectors, the
extraction of the form factors gets simplified considerably. Now, with the constructed set,
the rest of the independent symmetric tensors can also be obtained intuitively as

ata”

D" = , (3.5)

a2
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Chapter 3. Covariant structure of Gauge-Boson propagator

u'a” + atu”

E}“j = W, (36)
~uv Ty
o — % (3.7)
a

The general structure of the gauge boson self-energy in presence of two anisotropy direc-

tions medium can be expressed as a linear combination of the six basis tensors as
" = aA"™ + BB" +~CH + 0D 4+ o E* 4+ NFH . (3.8)

It is worth mentioning here that though tensors like IV#" are used to obtain the set, once we
declare our constructed set of tensors as independent, all the other symmetric and trans-
verse tensors not belonging to the set become expressible as their linear combination. For

example, it can be shown that

Vi =AM 4+ BM 4+ DM, (3.9

Now, we can obtain the effective propagator from the Dyson-Schwinger equation

iD= DY + D4’ (ill,, )iDP", (3.10)
where the inverse bare propagator D" without the explicit color indices is given by
—1\uv 2 v 1 - C v
(Do )™ = P9 = == P, (3.11)

with ( representing the gauge fixing parameter. To obtain the effective propagator, let us
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first consider the inner product identities among the basis tensors. To express the identities

in a compact form, here we suppress the Lorentz indices of the basis tensors. Also the

tensors C, F and F are considered as a sum of two parts, for example C' = C' + C and in

similar fashion for the other two where

~“l;
als U~ 0y
C,=——,
w2V b?
Eﬂ _ u,uay
v 2 /2]
Uu a
F# _ d#bu
v =
a’V b?

With this notation, the inner product between the basis tensors can be written in a compact

form as

A B C D E F
AlA 0 C 0 E 0
B|0 B C 0 0 F
c|Cc C A+B 0 F E
D|0 0 0 D E F
E|E 0 F E A+D C
F|l0O F E F C B+D

(3.12)

where the composition rule for each entry of the multiplication table is defined as rfc)

with 7 and ¢ being members representing the row and the column respectively. Moreover,

further contraction of the free indices as 74 ¢, simplifies to
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BN
—
o
o
o
o
o

(3.13)

m O Q W
=
o
Y
o
o
o

F10 0 0 0 0 2

which will be useful to extract the coefficients of the basis tensors i.e., the form factors
from the polarization function. Using the properties of the basis tensors from Eq. (3.12)

one can obtain the effective gluon propagator given by

Bo—(B+6P>-N+P , da—(6+a)P?—0c"+ P!

W nv nv
D A A A B
B 7(P2_5)+a)\cw_ aﬁ—(a+ﬂ)P2772+P4DW
A A

o (P?—=B)+ My A (P? —a) +v0 w PrP”

— A ER — A e — ¢ pi (3.14)
where the common denominator of the basis tensors, A is given by
A = PP—(a+B+0)P"'—(y*+ 0>+ X —af — B5 — da)P?

+ aX + Bo® 4 6% — aBd — 2yo . (3.15)

Notice that, in presence of two anisotropies, the denomiantor of the effective propagator
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becomes a cubic equation of P? and can be written as a product of three factors as
A = (P?=Q)(P? = Q) (P - Q) (3.16)
where () and (24 can be written in terms of the form factors as

- — +
3<x+\/m)é 3

2

1 1 w 1 + /43 + v2\ 3
Q S(a+8+0) —(X 5 X)ﬂ (3.17)

(3.18)

14+iv3 w
6 <X+\/4w3+x2 > %

2

i 3 v2\ 1
1 g\/§<x+ \/42w + X )3’ (3.19)

—2’\/5 w
6 ()ﬁ-@)é

1
Q= la+B+0)+

1 1
Q= Sla+B+o)+
2

1+i\/§<x+\/4w37+><2>§ (3.20)
6 2 ’ '

where w and y are given by

w = af—a)+8(0—8)+d(a—135)—3(v+ I +0%), (3.21)
X = a—38-080)128—-50—a)(20 —a— )+ 5dy)o

— 9a(2)* — 0% — %) — 9B8(20% —* — N?) — 95(27* — N\ —57). (3.22)

Once the form factors are extracted from the polarization function, the desired collective

modes of the gluon can be obtained from the pole of the effective propagator.
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CHAPTER 4

GLUON SELF-ENERGY IN PRESENCE OF

ELLIPSOIDAL ANISOTROPY

In this chapter gluon collective modes for ellipsoidal momentum-space anisotropy is ob-
tained from the pole of the propagator constructed in Chapter 3. Introducing the mass scale
for collective modes, the presence of instability is also discussed. This chapter is based on
the work presented in the following paper: Covariant formulation of gluon self-energy in
presence of ellipsoidal anisotropy

Ritesh Ghosh, Bithika Karmakar, Arghya Mukherjee, Phys. Rev. D102 (2020) 11, 114002,

[arXiv:2011.03374].

4.1 Introduction

As discussed in introduction chapter 1, the plethora of knowledge gained through the non-
perturbative lattice QCD simulations [151-153], perturbative hard thermal loop calcula-

tions [40, 154-156], effective hydrodynamical modeling [31, 32, 157] as well as AdS/CFT
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inspired studies [158—161] have paved the way of achieving a remarkable advancement in
our understanding of the experimental data available from the Relativistic Heavy Ion Col-
lider (RHIC) facility at Brookhaven National Lab and the Large Hadron Collider (LHC)
facility at European Center for Nuclear Research (CERN)[25, 162]. The concerted efforts
from different heavy ion research communities suggest that the deconfined quark-gluon
plasma(QGP) matter produced in the ultrarelativistic heavy ion collision experiments is
most likely to possess substantial deviation from perfect local isotropic equilibrium [163].
In fact, soon after the initial nuclear impact, very large pressure anisotropy is expected in
the center of the fireball with even larger anisotropy prevailing in the cooler regions of
the plasma [35]. A promising way for hydrodynamical modeling of such highly momen-
tum space anisotropic system is to consider the framework of anisotropic hydrodynamics
[34, 164]. On the other hand, incorporating certain classes of anisotropic momentum dis-
tributions in the framework of hard thermal loop perturbation theory, the nonequilibrium
plasma properties can be extracted by studying the collective modes of the quasipartons
[141, 165]. A suitable parametrization for such distributions can be achieved following
Refs. [166—168] where the one particle isotropic momentum space distribution function is
deformed by introducing a directional dependency. This particular Romatschke-Strickland
(RS) form has been widely used in different phenomenological applications such as photon
and dilepton production from anisotropic QGP [169—-171], anisotropic heavy quark poten-
tial [172], bottomonia suppression [173], plasma wakes [174, 175], nuclear modification

factor [176], quasiparticle descriptions of particle production [177] and so on.

An important aspect of considering the nonequilibrium momentum distributions in
QGP medium is the occurrence of kinetic instabilities. These are, in simple terms, the
collective modes that possess a positive imaginary part in their mode frequencies resulting

an exponential growth in the chromomagneic and chromoelectric fields. The existence of
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such Chromo-Weibel instabilities [178] can influence the thermalization and isotropization
of the medium [179]. A recent review with a pedagogical introduction to the required
theoretical tools for such studies can be found in Ref. [143]. In general, how many unsta-
ble modes are possible depends on the choice of the parameters. For example, in case of
spheroidal anisotropy with Romatschke-Strickland parametrized form, the number of the
possible unstable modes differs for the prolate and the oblate case which are obtained con-
sidering the negative and positive values for the anisotropy parameter respectively [166].
Moreover, there will be a directional dependence as well. In other words, depending on the
angle of propagation with respect to the anisotropy direction, a stable collective mode may

become unstable and can give rise to additional instabilities.

As already mentioned, the large momentum space anisotropy in early stages can be
efficiently incorporated in the aHydro framework. This is because, unlike usual viscous
hydrodynamic set up, here, the dominant anisotropic contributions to the distribution func-
tions are captured in the leading order of hydrodynamic expansion. The second order
anisotropic hydrodynamics as developed in [180] can take into account arbitrary transverse
expansion and is consistent with the traditional dissipative hydrodynamics approach in the
limiting case of small anisotropy. However, as argued in Ref. [181], the azimuthally sym-
metric ansatz in such approaches involving a single anisotropy parameter can further be
generalized in a systematic way. More specifically, in the original anisotropic hydrody-
namic setup, the leading order local rest frame distribution is taken to be of RS form and
thus the two components of the pressure in the transverse plane can be different only after
including the second order corrections. A generalization to include three different pressure
components in the leading order of hydrodynamic expansion has been developed in Refs.
[181-183] and recently has further been generalized in Ref. [184]. In the hard loop ap-

proach too, the generalized ellipsoidal distribution has been considered in the parton self-
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energy studies [185] and implemented in phenomenological applications of photon and
dilepton production [186, 187]. Obviously, the consideration of an ellipsoidal anisotropy
increases the number of parameters compared to the spheroidal case, as, apart from one
additional anisotropy parameter dependence, the collective properties of the partons in this
case also possess azimuthal angular dependency. Recently, the gluonic unstable mode with
an ellipsoidal anisotropic momentum distribution has been reported for the first time in
Ref. [144]. It is observed that the growth rate of the unstable modes can become several
times larger than the spheroidal case for certain propagation directions. Also the number
of possible unstable modes are direction dependent. A convenient method to describe such
directional dependency is to consider the static limits of the collective modes. In that case,
one introduces mass scales corresponding to each of the collective modes and studies their
angular dependency. The occurrence of a negative value in the mass scale in fact signi-
fies the presence of an instability in the corresponding mode which are well studied in the
spheroidal case. However, for the ellipsoidal case, such mass scales could not be defined
in the formalism adopted in [144] where the general structure of the gluon polarization has
not been considered. An important application of gluon self energy lies in the determina-
tion of the perturbative part of the heavy quark potential [172, 188, 189] which requires a

covariant formulation of the general structure.

The primary objective of this work is to study the occurrence of the unstable modes in a
similar fashion as done in case of spheroidal momentum space anisotropy using the general
structure for the gluon polarization in presence of ellipsoidal momentum space anisotropy
presented in Chapter 3. A suitable approach for constructing the tensor basis for gluon
self energy is to choose the maximum possible mutually orthogonal set. The choice be-
comes useful for the derivation of the effective propagator where contractions among the

basis tensors are involved. Once the effective gluon propagator is derived, one can obtain
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the collective modes from its pole. It should be mentioned here that the gluon collective
modes can also be obtained by solving the characteristic equation without requiring any
consideration of the general structure. In fact, this is the procedure adopted in Ref.[144].
However, the advantage of considering the general structure is that, the collective modes
are expressed in terms of coordinate independent form factors which is essential for intro-
ducing the mass scales. In fact, the nontrivial angular dependence in the hard-thermal loop

resummed potential enters through these mass scales [172].

4.2 Results

In this work we consider the hard-loop gluon polarization tensor in a non-equilibrium QGP

medium given by [141]

3 v
&k K*# af(k)[ » K°P @

™ 0 _ — 2 / I -
W =wp) =9 | 55 E, oK P K+iot)
where g, is the strong coupling constant and k° = E), represents the energy of the massles
partonic degrees of freedom that modify the gluon dispersion in presence of anisotropic

medium. The effective distribution function f (k) is given by
f(k) = 2Neng(k) + N [ng(k) + ng(k)] 4.2)

where n, (k) represents the gluon number density whereas n,(k) and ng(k) are the quark
and anti-quark number densities respectively. N, and Ny are respectively the number of
colors and quark flavors. A general method of constructing anisotropic momentum distri-

bution function is to transform the argument of an isotropic momentum space distribution
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Figure 4.1: The real and imaginary parts of the form factors are ploted in (a)—(f) as a
function of w/p for three different set of anistotropy tuple & = (&,,&) = (0,0), (0, 10)
and (5, 10). In each case, the imaginary parts are shown with comparatively thicker style.
The spheroidal set is shown at fixed 6, = 7/4 whereas for the ellipsoidal case, (6,, ¢,) =
(w/4,7/3) is considered.
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essentially by introducing deformations in a parametrized way. A discussion on the gener-
alisation of the RS form to ellipsoidal anisotropies can be found in Refs.[144, 182]. In our

case we use the ellipsoidal momentum distribution parametrized as [ 144, 185]

Janiso(K) = fiso(%\/k2 +&a(k-a)?+&(k-b)?), 4.3)

where A represents a temperature-like scale which, in the equilibrium limit, corresponds to
the temperature. The gluon polarization tensor with such anisotropic parton distributions

can be written as

,UI/Pl

dQ 0"+ & (v -a)d + (v - b)Y B
w—p-v+i0t

3} B ) dQ vl
" (w,p,§) = mD/M” (14 & (v-a)? + &(v-b)?)? [g

} (4.4)

where ¢ represents the anisotropy tuple (£, &) and m?, = (N.+ N;/2) 93; : corresponds to

the QCD Debye mass scale. In the above expression, the parton four velocity v* = K*/k

and the components of a, b, v, and p in the rest frame of the medium are chosen as

a = (1,0,0), 4.5)
b = (0,0,1), (4.6)
v = (sin b cos ¢y, sin Oy sin ¢y, cos Oy ), 4.7)
p = p(sind, cos ¢,,sinb,sin ¢,, cosl,), (4.8)

with df) representing the differential solid angle corresponding to the internal angular co-
ordinates (0, ¢x). It should be mentioned here that another common choice of reference
frame is the parton specific co-ordinate as used in Ref. [144] where one reorients the axes
so that the polar angle is measured with respect to the parton momentum. However, as we

are interested in the evaluation of the form factors, the results do not depend on any specific
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choice of the reference frame.

Now, as discussed in the previous section, the gluon self-energy can be decomposed
in terms of six independent basis tensors. Utilizing the contraction relations among the
basis tensors, the corresponding form factors can be obtained in terms of the self-energy
components given in Eq. (4.4) as a two dimensional integral over the solid angle. However,
because of the transversality condition and the symmetry under the exchange of the free
indices, the number of independent components of the self-energy reduces to six. Thus,
any chosen set of six independent components will be sufficient to determine the form
factors. It should be mentioned here that, though in our work, the form factors are obtained
numerically using the conventional quadrature routines, an alternative way involving the
hypergeometric expansion method is expected to be much more efficient [144] for this
purpose. The real and imaginary parts of the form factors are shown in Fig. 4.1, for three
different situations, namely the isotropic case with £ = (0,0), the spheroidal case with
¢ = (0,10) and the ellipsoidal case with £ = (5,10). The spheroidal case is shown for
0, = m/4 whereas for the ellipsoidal anisotropy, 6, and ¢, are chosen as 7/4 and 7/3
respectively. The imaginary parts of the form factors in all the three cases exist only in the
space-like region. It should be noted that when the isotropic medium is considered, 3 and §
become degenerate whereas 7, A and o become zero. This results in two distinct dispersive
modes of the gluon among which one is degenerate i.e., )y = cvand Q, = Q_ = 3 = 4.

The analytic expression of the degenerate form factors is given by

2 2 2 _ 2
R S P Lo PR G W 4 (4.9)
2 p? 2wp w—7p

whereas the dispersion for the other distinct mode can be obtained from
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2
a:HL:@{l—ilnw—w], (4.10)

which are the familiar results of the gluon self-energy in isotropic thermal medium [150].
Here m#%, = (N.+ N,/ 2)@ and u*> = —p?/P?. In the presence of spheroidal anisotropy,
o and )\ remain zero. However, 3 and ¢ are no longer degenerate. In that case the functions

corresponding to the dispersive modes simplify to

Qy = %(a+ﬁ+ \/(a—ﬁ)2+472>, (4.11)
0, - %(aw— \/(a—ﬁ)2+472>, @.12)
Q. = 4. (4.13)

which may be compared with the modes obtained in Ref. [166] (see for example Eq.(43)
therein). Though we find a different combination of the form factors in the expressions due
to the different choice of our basis tensors, it should be noticed that, in our case too, the
arguments inside the square root appear as a sum of two complete squares, thereby allowing
similar interpretation for the collective modes (see for example section VI of [166]). When
ellipsoidal anisotropy is considered, it is observed that all the form factors are non-zero and
they contribute in the gluon dispersion. However, It should be noticed that, for the fixed
set of parameters chosen for the figure, the values of A\ and o are an order of magnitude

smaller than the other form factors.

Now, following Ref. [166], a mass scale corresponding to a given form factor, say for

example «, can be defined in the static limit as

59



Chapter 4. Gluon self-energy in presence of ellipsoidal anisotropy

mi = lim a. (4.14)

w—0

It is evident from Fig. 4.1 that the imaginary part of each of the form factors vanishes at
w — 0 limit. Thus, the mass scales as defined above are real quantities. Now, in a similar

way, one can define the mass scales corresponding to the gluon dispersive modes as

mi, , = lim Qo1 (w, p, 0, &)- (4.15)

Their variation with the polar angle 0, is shown in Fig. 4.2 for three fixed values of ¢, =
{m/2,7/4,7/6}. For each modes, the corresponding spheroidal version is also shown for
comparison. It is evident from the figures that the azimuthal symmetry of the spheroidal
case is now broken with the introduction of additional anisotropy direction. Consequently,
a non-trivial ¢, dependence can be observed in the mass scales. As can be seen from the
figure, the mass scale corresponding to ), remains positive throughout the range of 0,
values as also found in the spheroidal case. Again, similar to the spheroidal anisotropy,
negative values in the mass scale is observed for {2 which correspond to instability [166].
However, it can be noticed that as the value of ¢, approaches to 7/2, mj, . becomes positive
at smaller values of 0,. In other words, with larger deviation from azimuthal anisotropy
direction, the collective modes can be unstable only in shorter window of 6, values as
compared to the spheroidal case. However, it should be noted that, the above observation
is made with a particular set of anisotropy parameter where both &, and &, are positive. An
interesting situation occurs for negative value of anisotropy parameter as shown in the left

panel of Fig. 4.3. Here, the angular variation of m?, is shown with (&,,&,) = (—0.5, —0.9).
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Figure 4.2: Squared values of the mass scales corresponding to 2y and (2. are plotted in
(a)—(c) as a function of 6, for three different values of ¢, = {7/2,7/4,7/6} (shown in
discrete style) considering (&,,&,) = (5, 10). The solid line represents the spheroidal case

with (&,,&) = (0, 10).

61



Chapter 4. Gluon self-energy in presence of ellipsoidal anisotropy

0.010

0.008

0.006

0.004

I‘Q;/mD

0.002

0.000 ’ ’ ’ '
0.0 0.1 0.2 0.3 0.4
p/mp

Figure 4.3: In the left panel, the squared value of the mass scale corresponding to €2_ is
plotted as a function of 6, for three different values of ¢, = {7 /4, 7/3,57/12} (shown in
discrete style) considering (&,,&,) = (—0.5,—0.9). The spheroidal case (shown in solid
style) with (&,,&,) = (0, —0.9) is also plotted for comparison. In the right panel, the growth
rate for the 2_ mode is plotted as a function of p/mp with (§,,&,) = (—0.5,—0.9) and

(0, ¢p) = (5 /12,57 /12).

In this case, it is observed that, unlike the spheroidal case (which remains stable throughout
the 0, range), the mass scale corresponding to {1_ can be negative indicating an unstable
mode. The corresponding growth rate I'_ can be obtained by solving the dispersion with

the replacement w — il'q_ i.e., by solving the equation

(w=ilq ) —p* - Q (w=1ilq_,p,0,,¢,) = 0. (4.16)

The corresponding solution of the growth rate is shown in the right panel of Fig. 4.3 with
6, and ¢, both fixed at 57/12. It should be mentioned here that in this case the growth
rate of the unstable mode has amplitudes similar to the spheroidal case [166] whereas,
with positive anisotropy parameters, a several times larger growth rate can be observed for

certain angular values as reported in Ref. [144].
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4.3 Summary

In this chapter, we have studied the gluon polarization in presence of ellipsoidal momentum-
space anisotropy. The momentum distribution function in our case is parametrized with two
anisotropy parameters ¢, and &, represented together as an anisotropy tuple £ = (&,,&).
This is a simple generalisation of the spheroidal RS form that has been extensively used
in the literature. The general structure of the gluon polarization tensor in presence of such
ellipsoidal anisotropy has been used and subsequently, the gluon effective propagator is
obtained. As shown earlier, from the pole of the effective propagator, the three collective
modes can be obtained in terms of the form factors. The results obtained using our formu-
lation are in agreement with the previous study incorporating ellipsoidal anisotropy [144].
It should be mentioned here that it is not mandatory to consider the general structure of the
polarization function to obtain the collective modes, as, those can also be obtained solving
the characteristic equation directly (see for example [144]). However, one of the important
advantages of considering the general structure is that, the collective modes, as in our case,
can be expressed in terms of the form factors which do not depend on the choice of the
frame of reference. As a consequence, it is possible to define mass scales by taking the
static limits of the functions characterizing the collective modes (£2y and €2.) in a similar
fashion as done in case of spheroidal anisotropy. The importance of such definition lies
in the fact that, the existence of instability can be inferred systematically by studying the
angular variations of the mass scales. More specifically, for the given external angles, the
negative value of the squared mass indicates that the corresponding mode is unstable. In
our analysis with {, = —0.5 and &, = —0.9, we have observed that, unlike the spheroidal
case, the mode corresponding to {2_ becomes unstable. The appearance of such additional

unstable mode in presence of ellipsoidal anisotropy may have important influences on the

63



Chapter 4. Gluon self-energy in presence of ellipsoidal anisotropy

isotropization of the QGP medium produced in HIC experiments. As mentioned earlier, the
formulation, as developed in this work, will be particularly useful in the studies concern-
ing the heavy quark potential in presence of ellipsoidal anisotropy. The usual procedure to
obtain the hard-thermal loop resummed perturbative part of the heavy quark potential is to
consider the Fourier transform of the 00-component of the effective propagator (obtained in
Eq. (3.14)) in the static limits. Consequently, the non-trivial angular dependence enters in
the potential through the mass scales. It should be noted that, in this work, only the retarded
part of the gluon self energy is considered. On the other hand, the imaginary part of the
potential can be obtained from the Feynman effective propagator in the real time Keldysh
formalism [172]. Due to the azimuthal angular dependence of mass scales, a non-trivial
modification in the real as well as in the imaginary parts of the heavy quark potential is

expected in presence of ellipsoidal anisotropy which will be an interesting future direction.
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CHAPTER 5 S

DAMPING RATE OF A HARD PHOTON IN A

WEAKLY MAGNETIZED HOT MEDIUM

In this chapter, we have calculated the damping rate of hard photon in weakly magnetized
hot QED plasma. The damping rate is calculated from the imaginary part of the each trans-
verse dispersive modes in a thermomagnetic QED medium. This formalism can easily be
extended to QCD plasma. This chapter is based on the work presented in the following
paper: Soft contribution to the damping rate of a hard photon in a weakly magnetized
hot medium

Ritesh Ghosh, Bithika Karmakar, Munshi G. Mustafa, Phys. Rev. D101 (2020) 05,

056007, [arXiv:1911.00744].

5.1 Introduction

Astrophysical plasma is almost always immersed in magnetic field. Extreme, magnetized

plasma is found in interiors of neutron star, magnetospheres of magnetars and central en-
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gines of supernovae and gamma ray bursts [190]. The propagation of photon through
the hot magnetized plasma, viz., electron-positron plasma (EPP), is of great interest. Be-
cause the magnetar phenomena are found by analyzing the high-energy radiation detected
at earth. Thus it is very important to have a good understanding of the propagation of
photon through the EPP. Furthermore, the phenomenon of Faraday rotation i.e., change of
polarization of photon while propagating through a medium has been studied in Ref. [191]
in a field theoretical viewpoint. This has also been detected in several astrophysical ob-
jects [192]. Also high-intensity laser beams are used to create ultrarelativistic EPP of
temperature around 10 MeV [193]. This EPP may play an important role in various astro-
physical situations. Some properties of such plasma, viz., the equation of state, dispersion
relation of collective plasma modes of photon and electron, damping rates, mean free paths,
transport coefficients and particle production rates, are studied using QED at finite temper-
ature [194, 195]. On the other hand, as mentioned earlier in Sec. 1.5, the magnetic field
as high as (15 — 20)m?2 can be generated [64] at LHC energies in noncentral heavy ion
collisions. The photon is considered as a good probe of the QGP medium as photon only
interacts electromagnetically. Thus, it comes out of the hot QCD system without interact-
ing much. The damping rate of the hard photon is associated with the mean free path of

photon [196] and hard photon production rate in QGP [104].

Damping rate of photon is related to the imaginary part of photon dispersion in the
medium [197] which is again related to the scattering crosssection of the process that we
find by cutting the photon self-energy diagram [198]. In lowest order coupling constant,
photons are damped by Compton scattering and pair creation process. In case of low mo-
mentum transfer, the damping rate shows infrared singularity. Thus one should consider the
effective resummed propagator instead of bare propagator for soft momentum of fermion.

We will call this as the soft contribution to the damping rate of photon. The hard contri-
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bution refers to the case where all the fermions in loop have momentum order of or much
greater than the system temperature 7". Both soft and hard contributions to the damping
rate of hard photon in thermal medium have been calculated in Ref. [197]. The dispersion
relations of photon are modified for a hot magnetized medium [199]. So the damping rate
of photon will also get modified in a thermomagnetic medium. In this article we intend to
compute the soft contribution to the hard photon damping rate for a weakly magnetized hot
medium in one loop approximation of photon self-energy. In a thermomagnetic medium
this would be a good indicator as higher loop calculation contributing to higher order would

be extremely involved.

We consider hard photon of momentum P* = (p,, p) where p = |p| > T in a rela-
tivistic hot magnetized QED medium. To find the soft contribution of the damping rate we
introduce a separation scale A where ¢1T' < A < T (¢7T < A < T in case of QCD).
In the soft part of the damping rate, the contribution from soft loop momentum involving
a fermion is taken into account up to the separation scale A . Here we assume that the
magnetic field strength is weak i.e., VeB < €T < T(\/(]f_B < ¢gT < T for QCD). We
use the recently obtained effective fermion propagator [200] in presence of weak magnetic
field for the soft fermion and Schwinger propagator for the hard fermion in the loop. The
Braaten-Pisarki-Yuan formalism [201] has been used here to calculate the imaginary part
of photon self-energy. Extension to the case of damping rate of hard photon in weakly
magnetized hot QCD medium is straightforward. We need to consider the loop fermions
as quark and antiquark in that case.

In Sec. 5.2 we describe the set up to calculate the photon damping rate associated with
imaginary part of photon self-energy. In Sec. 5.3 the self-energy is obtained in a weak
field approximation. The imaginary parts of various components of photon self-energy is

obtained in Sec. 5.4. Results are given in Sec. 5.5. We conclude in Sec. 5.6.
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Chapter 5. Damping rate of a hard photon in a weakly magnetized hot medium

5.2 SetUp

We consider plasma of electrons and positrons at temperature 7'. The z-axis of the lab
frame is oriented along the magnetic field. The form of effective gauge boson propagator
can be used from Chapter 3 for single anisotropy direction. Here we use the notations of
tensors and form factors evaluated in Ref. [199]. The general covariant structure of photon

self-energy in a magnetized hot medium can be written as
" = pBB" +oR"™ +6Q" +aN" | (5.1)

where various form factors can be written as

p = B"I,
o = RMIL,,
0 = QMIl,
a = %N’“’HW. (5.2)

The general covariant structure of photon propagator can be obtained [199] as

. SPuPV (P2 — 5)Bm/ R,UV (P2 — 6)@#”
W= T TP BP0 -2 PP—0 (PP (Pr—0)—a
alN,,

(P? = B)(P?—6) —a?

D

+

(5.3)

We note that the thermal medium (absence of magnetic field) has two dispersive modes of
photon i.e., one degenerate transverse mode and one medium induced plasmon mode due

to breaking of boost invariance. Now breaking of rotational invariance in the presence of
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5.2. SetUp

a magnetic field leads to three dispersive modes of photon by lifting the degeneracy of the
transverse modes. These three dispersive modes can be seen from the pole of Eq. (5.3).

Now, the dispersion relations can be written as

Foo =0 (5.4)
(P*—8)(P*— ) —a? = (PQ_ﬁ+5+\/(5—5)2+4a2>

2

X<P2_ﬁ+5—¢<ﬁ—6>2+4a2
2

) =0. (5.9

In weak magnetic field approximation o does not contribute upto O[(e B)]?, one gets simple

form of the above dispersive modes [202]

PP—0 = 0,
P2 - ﬁ = 07
P?—§ = 0. (5.6)

Damping rate is defined as the imaginary part of photon dispersion relation. The medium
induced longitudinal (plasmon) mode does not contribute to the damping rate ! and the

dispersion relations for two transverse modes of a photon are given, respectively, as

P’P—06=0, P2—6§=0, (5.7)

Damping rates 5(p) and v, (p) (for no overdamping i.e. v; < po where i = §, o) of hard

! The longitudinal dispersive mode merges with the light cone at high photon momentum.
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Chapter 5. Damping rate of a hard photon in a weakly magnetized hot medium

photon are given by imaginary part of the form factors as [203]

Yo(p) =

Y5(p) =

1
—2—p1m0(p0 =),
L 1 6(py = p)
——1Im =p).
% DPo=D

The tensor structures of R* and Q" [199] are given as

R =

o o o O

0O 0 O
0 0 0
QM=
0 -1 0
0O 0 O

0 0 0 0

0 —cos’f, 0 sind,cosb,
0 0 0 0

0 sinf,cosf, 0 —sin’6,

(5.8)

(5.9)

(5.10)

Using Eq.(5.10) in Eq.(5.2) we can write the form factors ¢ and ¢ in weak field approx-

imation as

g = _(1—1(2)2 + H32>7

+ 2sind,cosb, (Hé?’ + Hé?’) .

§ = —cos*, (Hél + Hg) —sin? 6, (Hg?’ + Hg?’)

(5.11)

(5.12)

Combining Eq.(5.8) with Eq.(5.11) and Eq.(5.9) with Eq.(5.12), the damping rates become

Yo (P)

¥5(p)

1
2 (ImH?f v ImH§2>,

D

—25in 6, cos 6, (Im T2 + Im H;?’) }

1
o [0082 0, (Imngl + ImH;) +sin? 0, (Im 113 + Im H§3)

(5.13)

(5.14)
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5.3. Photon self-energy in hot magnetized medium

The damping rates in Eqs.(5.13) and (5.14) can now be written as

%) = ) +v2(p), (5.15)

() = ynl0) +7E (D). (5.16)

where 7, is the O[(eB)°] contribution or thermal contribution is given as

1 1
Yn(p) = % ImlI;* = % [0052 0,ImII;" + sin® 6, Im I13°
— 2sin6,cos@,Im I3 |. (5.17)
P P 0

The thermomagnetic corrections of O[(eB)?] are given as

1

2w (p) = g I, (5.18)
1

vBp) = o cos? 0,ImII;" + sin® 6,Im I15° — 2sin 0, cos ,Im T15%|.  (5.19)
P

We need to obtain the imaginary parts of 11, 22, 33 and 13 components of the photon

self-energy II* which are computed in the following sections.

5.3 Photon self-energy in hot magnetized medium

The photon self-energy as shown in Fig. 5.1 can be written as

(P) = it [ %{Trms*mms«@)}+Trms*<Kms<Q>]}. (5.20)

where S*(K) is effective electron propagator and S(K') is Schwinger propagator for bare

electron. As the external photon is hard, we consider one bare and one effective fermion
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Chapter 5. Damping rate of a hard photon in a weakly magnetized hot medium

propagator in the loop. In the following we would obtain the propagators for fermion.

Figure 5.1: Photon self-energy where the blob represents the effective electron propagator
in magnetic field and double line represents bare electron propagator in magnetic field

5.3.1 Fermion propagator in weak field approximation

In the weak magnetic field limit, ie., VeB < my, ~ eI < T the Schwinger propagator

for fermion can be written up to O[(eB)?] as [100]

K‘I—mf . 1.2 K\I+mf (GB)

S(K) = + 1y

K —m? (K2 —m2)
(B - w)y = (K- n)ify K LK +myg) | oo
. (2 — 2y (w2 iyt | D)
+ O [(63)3]
= So + Sl + SQ + O[(GB)?’] (521)

The general form of fermion self-energy in a weakly magnetized medium can be written

as [200]
Y(K) = —aK — bl — vt/ — ys1f (5.22)
In one loop order, the form factors are given as

2k
alko, k) = —%Ql (f) (5.23)

72



5.3. Photon self-energy in hot magnetized medium

an = H[ba(3)-o(2)]

k k
V(ko, k) = 4e*M*(T,my,eB)—Q; (—0

k? k

)

(ko k) = 462M2(T,mf,eB)EQO(EO>,

where Legendre function of second kind are given as

Qlx) = (“1),

z—1

Qi(r) = 2Qo(z) —

and the thermomagnetic mass is given as

B T
MX(T,m;,eB) = — -
1672 2my
whereas thermal mass is given as
1
mfh - §€2T2 .

The effective fermion propagator can be written [200] as

. LK) R(K)
S'(K) = P Pt Pt P

= Si(K) + Sp(K),
where chirality projection operators are given by

1
Py = 5(1i75),
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Chapter 5. Damping rate of a hard photon in a weakly magnetized hot medium

and L* and R* are given as

L' = (14 a)K*+ (b+V)u" + n”, (5.33)

R = (1+a)K"+ (b—0)u" — nt. (5.34)

For simplicity of calculation we expand the effective fermion propagator in Eq. (5.31)

in powers of e B and keep terms up to O[(eB)?] as

S*(K) = Si(EK) + SHE) + Si(K) + O[(eB)?], (5.35)

where S (K) is O|(eB)"] and given as

S5 () = (1+al))i(+b1/: (1+5i§_+bd’ (5.36)

where Dy = (1 +a)(ko F k) + b.

Equation (5.36) is the effective HTL fermion propagator [150, 204] in thermal medium.
The O[(eB)] is obtained as

SHK) = é [2(1 + a)&(%{ (L4 a)ksd — (1+a)ko V) — bb’}
+ 1/%{ ((1 +a)’K? — b2>b’ —2(a+1)bc kg}

+ cﬂ75{<2(1 +a)k0+b>b+ (a+ 1)2K2H, (5.37)

whereas O[(eB)?] is obtained as

S (K) =

[<2b,{<1 ke +;}6+ i+ a) begfj {(1 +a>K+W}
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5.3. Photon self-energy in hot magnetized medium

(201 + a)ko + b} + 2k (1 + a)) (V4f + )

D4
— (—hZ(kobl?, ks) _ g—;) {(1 +a)[K + bz/}
_ —h(’fo’l’;j ks) (v + ). (5.38)

where h = 2b'{(1 4+ a)ko + b} + 2c'ks(1 4 a) and b/ = V"> — .

5.3.2 Photon self-energy in weak magnetic field

Now the O[(eB)"] contribution of IT* given in Eq. (5.20) can be written as

4

pyo 22 d°K * *
II," = e /W{TT[VMSO(K)%SO(Q)]+TT[VVSO(K)VMSO(Q)]}

o [ d'K Y-k, +7-k | 0+
_ 2 T m 0 v f() O_f() .
e /(27)4{ r{'Y D, + oD T\ oY 074

N-F-k w+ik (1.0 _ ¢0)z
+ Tr[’y”( + )’y“(f v =177 q
2D, 2D_ 0 0

. K1
= sic' | G0l
x {(K"Q"+K'Q") —g¢" K -Q} +b{(Q"u’ + Q"u") — ¢"Q - u},(5.39)

1+ a)

where

M _ G o _ 1
0 - QQ? 0 _Q27
1 o 0 1
o= o f)z—Q4. (5.40)
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Chapter 5. Damping rate of a hard photon in a weakly magnetized hot medium
The O[(eB)] contribution of IT* is given as

w2 d4K * *
m = i | W{Tmso@%sl(@n+Trmso<Kmsl<Q>]

T TS 50(Q)) + Trmsmwso(@ﬂ}, (5.41)

which becomes zero.

The O[(eB)?] contribution of IT* is given as

w2 d4K * *
= i [ G TSI Q)+ TrhuSi (197,8(Q)]

+ Tr[y,85(K)7.82(Q)] + Tr[.55(K)7,82(Q)]

+ Tr[7,85(K)7Se(Q)] + Tr[%SS(K)wSo(Q)]}- (5.42)

We calculate the above mentioned trace as follows. The trace of the first and second terms

of Eq. (5.42) can be calculated as

Tr[,57(K)3wS1(Q)] + Tr[7,57(K)7,.5:(Q)]

_ 8 (eB) _ V4 (i + unt)(Q - u) — 20’ (Q - n) Q- n)
bl ) [ {wn”+ 2 +g }

8 (eB)
D@ = mi)

+ o (Q ) — (i ) (@Q ) + g (Q u>}] B

x [h{(wa)(gw((f(-u)(@-n)—<K-n><@-u>)
— (KM + K"u")Q -n+ (K*n” + K"n")Q - u)

1 b(g‘WQ n A+ (u'n” +u'nf)Q - u — 2utu¥Q - n) }] : (5.43)
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5.3. Photon self-energy in hot magnetized medium

The trace of third and fourth terms in Eq. (5.42) can be obtained as

TS (K)752(Q)] + Tr[,50(K)7,,52(Q)

]
A P S
+ 5 (i;f);; E [QO (K g™ 4 K" g — g“”) — g5 (K g+ K+ g“”ffz)
_ (K'MQV + K’VQM _ ng(’ ) Q)}

where K'* = (1, —k).

The trace of fifth and sixth terms in Eq. (5.42) are obtained as

Tr,55(K) S0 (Q)] + Tr[7,55(K)7,,50(Q)]

Oy e
- % (9“362” +97Q" — QWQS)] - (5:45)

The photon self-energy in weak field approximation now can be decomposed using

Eqs.(5.39),(5.41),(5.42) as

o*(P) = IEY(P) + 11 (P), (5.46)

where the first term is a pure thermal(O[(eB)°]) contribution and second term is thermo-
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Chapter 5. Damping rate of a hard photon in a weakly magnetized hot medium

magnetic correction of O[(eB)?].

Now the O[(eB)°] expression of TI'! , 11?2, 133, and IT'® can be written from Eq. (5.39)
as

'K (

H(1)1(p0’p) = 8262/(27r)4 ) (Koqo 10 a) + bgo

1
((1 +a)ky + 6)2 — (14 a)2k52} Q?

Al N A/ W S SO /S
= 4 0 420 kg — k - 0 20
(5 ) et {5

D
82’62/ d*K (14 a)(kogo + 2kago — k - q) + bgo
{((1 +a)k +b)° — (1+ a)2k2} 02

. ) 0 40)
it £

T3 (. _ 8ie? (1 + a)(kogo + 2ksqs — k - q) + bgo
o (po:) w /(27r)4{((1+a)k;0+b)2 - (1+a)2k;2}Q2

122 (po,p) =

I
|
N
D
[\
| — |
St
Sl
_|_
6‘3;
| =

d*K (14 a)(k1gs + qiks)
oY (1 alho+ 1) — (1+ a2} @2

) X (R
— _4e i (k1gs + q1ks) {D_JF_E} :

Using Eqgs.(5.42),(5.43),(5.44) and (5.45), one can write the O[(eB)?] expression of 1!

1> (po, p) = 8ie’ /

(5.47)

1122, 1133, and I1'3 as

m = _6225

8eB
T DYQ? —m?)? h{(l + a)(kogs — k3qo) + bQ3}

8eB y ,
R R
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5.3. Photon self-energy in hot magnetized medium

8(eB)?
D (Q? — m?)?’
8(eB)?
(@ — iy

8{(

@ =)
)

(5

D6 D4
2 i
8eB
DHQ?
8(eB)?

8(eB)*q}
- D+(Q2 - m?)‘*

L 8(eB)*q%
(/f2Q2 - kl(h) - D_(Q?— m})‘*
h* K

DS Dt

b’h)

(/Afth - /%16]1)

)1+ )@k + K- Q)

)
8eB
2

R = G

E h{(l +a)(kogs — ksqo) + b%}

ch
qo — ﬁ%

2
_mf

8(eB)%qt

(CIO —k- q+ 21%1%)

(CIO +k- q— 2/2?1(11)

(5.48)

D@ =m0~ he) = 5 G
8(eB)?

8(eB)*q}

4<QO —]%'Q+2/%2Q2>

D_(Q? - m?>3 (fﬁfh - /%2612) -

8 2){<h2

)\~
h’)

B2 b’h) }]
8eB

i Di) D
D2((? P{_”%+d%}

D6 D4
E h{(l + a)(kogs + k3qo) + b%}

D_(Q* —mj)

/

(Q?

(
oy

8eB
DGz —m
8(eB)?

ch
qo — ﬁ%

33
H2

2

2
f

8(eB)*q}

4<CI0+]%'C]— 21%2(]2)

)+ 0)(2kagz + K - Q)

(5.49)

R
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(86553) 7y <Q3/f3 k- CJ> 8<(52B> 7)1 (CJO +koq— 26]37€3>
8 h? n
+ m{(ﬁ - ﬁ)(l +a)(2ksqz + K - Q)
2 / / /
5]
8eB
H%B' — —62 i D4<Q26_ m?)Q h(l + CL) (quO)
8(eB)? P 8(eB)*q?
T D@ —m T D@ —mE)
B)? - 8(eB
X <k1Q3 + k?36h> (6526 ) my shsq + ((52 Sai m)y (kfl% + 7473611)

8 h? h' ch
T m X {(ﬁ - ﬁ) (1+a) <k31Q3 + k‘s%) + ﬁ%}] . (5.51)

5.4 Imaginary parts of the components of the photon self-
energy

Before obtaining the imaginary parts, we discuss below the various approximations used

in this calculation.

1. We have considered the momentum of photon as hard (p > 7"). The momentum of

soft fermion k < T". Thus we can take the following approximations:

np(w) ~1, np(p—w) ~e T e ?/T 0. (5.52)

2. An upper cutoff A(< T) of the soft fermion momentum & has been introduced in the
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5.4. Imaginary parts of the components of the photon self-energy

integrations.

3. We consider m; = myy, for electron.

S Y

Figure 5.2: Choice of reference frame for computing the various components of photon
self-energy. The magnetic field is along z-direction and 6, is the angle between momentum
of photon and the external magnetic field.

4. To perform the various integrations we choose a frame of reference as shown in
Fig. 5.2 in which the external momentum of the photon in xz plane with 0 < 6, <
7/2. So one can write

p = (psinb,, 0, pcoséb,), (5.53)

and then the loop momentum as

k = (ksinf cos ¢, ksin@sin ¢, kcosf). (5.54)

In the following subsection we will obtain imaginary parts of various self-energy compo-

nents.
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Chapter 5. Damping rate of a hard photon in a weakly magnetized hot medium

5.4.1 Imaginary parts of the magnetic field independent

part, i.e. O[(eB)"]

We evaluate the imaginary parts of ITj! , T12%, TI3%, and T1}? using the Braaten-Pisarski-Yuan

method [197, 201].

mng = —acta ) [ 25 [ [ ddsntome@){d @) (o,

b o0 (@) = (g = 2600) (0. ) = o (0))al”) boto o = ).

(5.55)
22 2 p/T 4’k Y / / W)y
ImIl;" = —de‘m(l—e )/ ok /_OO /_Oo dw dw'np(w)nr(w)4 po (w)(pD+(w)

b o0 (@) = (0= 2 (o) — o (@)}l bt + 8 = )

(5.56)

it~ —actn ) [ 25 [ [ dwdsnome@) i) (o,

+ /o (w)) — (k- q — 2ksqs) (pm (w) = pp_ (w)>p§0) (W’)}5(w +w' —=p),

(5.57)
I 13 __ 2 p/T &’k -~ - / / 7 7
mlly" = —de*m(1—eP) o) ] dw dw'np(w)np(w')s (k1gs + q1ks)
< (p02() = o)) o 4 ) (5.58)
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5.4. Imaginary parts of the components of the photon self-energy

where pgo)’pél)7 ,050), Pgl), pp, and pp_ are spectral representation of féo); fél)7 1(0)7 f1(1)’

1/Dy and 1/D_ respectively. These spectral functions are obtained in Appendix A. We
know that both pp, and pp_ have pole containing the mass shell /-function + Landau cut
part in space like region whereas péo), pél), p§°), pgl) have only pole containing the mass
shell ¢ function. Since imaginary parts of various components of the self-energy contain

the product of two spectral functions, it would then have the pole-pole and the pole-cut

contributions.

The pole-pole parts of ImII;;, ImIl5y, ImIl33 and Imll;3 contain 6(p — w+ — ¢) where
w4 1s the energy of the fermion quasiparticle, k and q = k — p are the momenta of soft

and hard fermion, respectively. Hence w. > k. The d-function yields

p—wr—q=0

cosp wy /k — cosfcosb,

sin 0 sin 0,

w4 /k—cos 0 cos 0,

The value of ———
sin @ sin 6,

excludes the range [—1, 1] for all values of the parameters ¢
and 0, . This restriction is valid for both thermal and the magnetic case. Thus pole-pole
parts do not contribute in this calculation [104, 197]. In O[(eB)"] the contribution comes

only from the pole-cut part.

Pole-cut part of O[(eB)"]

Now we would find the pole-cut part of the above self-energy components in Eqs.(5.55),

(5.56), (5.57) and (5.58) as
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ImIT}!

pole—cut

3
2e*m 1—6”/T/dk/ / dw dw'np(w)ng(w ){5(w’—q)@(k;2—w2)

)?

(8416 4 5-0)) = 20+ - 2l — DB =) (3) - 5-(0) |

p—w—uw')
—e 7r/ k;ff/oﬂ%sméde/% (b/ dw{ Bi(w) + f-(w ))

kg = 2ha) x (Be(w) - )} (b —w—aq). (5:59)
Im IT3?
pole—cut

2¢m(1 — /1) / d3]§ / / dw dw'np(w)np(w ){5(w/—Q)@(/€2 —w?)
(8:) + 8-0) = (k-0 = 2hage)’ — Ok —w2)<ﬂ+(w>—ﬁ_(w))}

p—w—uw')
e OA ’“;ff /Oﬂ%sin@d@/o%%/’;dw{<ﬁ+(w)+B_(w)>
q<k q— 2k2Q2) X <ﬁ+(w) - 54‘0)) }5(29 —w—q), (5.60)
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5.4. Imaginary parts of the components of the photon self-energy

Im IT3°

= 2e%71(1 — ep/T)/ (;er];’ /_: /_Z dw dw’np(w)np(w'){é(w’ —q)O(k* — w?)
(B0 4 5-)) = 2w~ b3l = O — ) (52 ) - 5-) |

X d(p—w—uw)

= —¢ 7T/ k;:f/ —sm@dﬁ/%dgb/ dw{ Bi(w) + B-(w ))

- 50&% - k3Q3) X (B+(w) - 5—((*))) }5(]9 —w—q), (5.61)

ImI15°

pole—cut

o k k
= 2627T(1—6p/T/ / / dw dw'np(w)ng(w ){ 1Q3-C|]—(J1 B 5w —q)

X < (W) — B w)) o(p—w—uw)
= —ér OA deQk ;%Slng‘w/% ¢/ dw — k1Q3+Q1k3> <ﬁ+( ) — 5—(W)>
X 0(p—w-—

(5.62)

Here we note that the terms with §(w’ + q) 6(p — w — w') O(k? — w?) will not contribute

because k% — (p + ¢)? can not be greater than zero. So we have excluded those terms.
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Imaginary part of magnetic field dependent part of

Ol(eB)’]

Similar to O[(eB)"] case, the imaginary part of IT3', I132, TT3® and T13® can be written as

Im IT3'

Im I132

= —8en(1— eP/T)/ (;i:;?’ /_Z /_Z dw dw'np(w) np(w)

X {GB{CB Y (pé” + p1o — P?) —pV (Ps + k3 Péo)>}

+ (63)2(151611 - l%qu)péo) (pD, - pm) - (6B)qu{p§” (pm + pD,)

+ (2]2?1(]1 —k- Q)P:(so) (PD+ - PD,>} + P(()l) (P%) - Pﬁ) + p16 — P13 — P11>
+ 2k —k-q)p) (pg? - pﬁ?) — g P(()O)pw]

X d(p—w—u),

(5.63)

= —8en(1 — eP/T) / (ZSTI;S /Z /Z dw dw'np(w)np(w')

x {BB{% o7 (08 + p10 = pr) = o1 (s + ks o) |

+ (eB)? (ffz @ - l%lql)péo) (pp_ — pD+> - (eB)qu{p;ﬁ” (PD+ + pp_)

+ (2kyqe—k-q)py) (pm - PD_> } + pi! (p%) — o+ pr6 — prs — pn)
+ (2kagz — k- q)p)) (pﬁ? ~ pﬁ)) — g3 péo)pu}

X 6(p—w—u),

(5.64)
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Bl o[
ImII3* = —8e’m(1— eP/T)/ e / / dw dw'np(w) np(w')
X {63{93 P (pé” + p1o — P?) +pV (Ps + k3 p§°)> }
B (gsks — k- q)ps (pp. — — (eB)*¢* 1 p”
+ (eB)*( g3ks q)ps’\pp- —pp, ) — (€B)"q1yps (Ppy + pD_
+ (2g3ks —k-q)p}” (PD+ - PD7>} + py) <P§15) — pi{ + pi6 — p13 — Pll)
+ (2ksqs — k- q)p (pﬁ? — i ) + g5 péo)pu}
X 6(p W= w/)7

(5.65)

Bh[< [
ImIl}® = —8e*m(1 —ep/T)/ 2n)? /OO /OO dw dw'np(w)np(W')
[QB{Pgl)kS Ps(ao)} + (eB)* ks lego){PDf - PD+}
(eB)2Qi{(]%1Q3 + /%3(11)&(;0) (PD+ - PD_> }

+ (kugs + ksqr)pl” (pi? —~ pﬁ)) +aq péo)mz} S(p—w—w). (5.66)

X

Various spectral functions are obtained in Appendix A. As discussed before we also note
that the imaginary part of various components of the self-energy contain the pole-pole and
the pole-cut contributions. As explained earlier the phase space does not allow the pole-
pole part to contribute in this order. In O[(eB)?] the contribution comes only from the

pole-cut part.

Pole-cut part of O[(eB)?]

Now the expressions of pole-cut parts of Egs. (5.63), (5.64), (5.65) and (5.66) after using

the approximations, are given below:
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Im I3

pole—cut

A 1.2 k o) 2.2

Kk (1 do (eB)%q
2 1
4e 7T/0 52 /ésmede/% B dw /_OO du’ [5///@), _wq){ B 96w§

(o) - LR ZE0 5y )} (2D

960, 64w3
2 (T I 2 2
q; (kiqn — k- q N A 3(eB)*q
(SRR (g o) ¢ (3= 0.) + 2R (540
10 eBaqs (1) eB 0) (eB)? /- .
w Wq){ 172 (69 + b0 67> A, (58+k359 ) 16 (km i
sl “Re (g, ) BV (g 4 )]s -
2w§ + - 32wg’ + - e 4w§
eB)? /- « 5¢ (kg — k- q
(387 + 0= ) = (o (s sk + ML) (3 )
q q
1 (2kin —k-q)
5 (6%) + Bi6 — (ﬁﬁ) + B + 513)) — - 12% 5%) - S)
Qq—al ”H X 8(p —w— ), (5.67)
Im [122
pole—cut

A 1.2 k ') 2.2

Kdk 1 do (eB)%q
4 2 - (9d9 - d d !/ 5/// r . —J_
”/0 o2 /2sm /27r /_k w/_oo w[ w w"){ 9612

2.2 (9] 1. 2
(e + ) - CRLLER L0 (55 )| - { S0

(qi (1%2(]2 k- 2 - (]%2(12 - 1%1(]1)) % <5+ o 57> + B(GB)qu (5+ + 5>}

wg 128@);1

88



5.4. Imaginary parts of the components of the photon self-energy

+ (W - Wq){ 65;213 (5 + o — 57) - —(58 + 35(0)> (1663;)4 (kﬂh k2
2 oy — -
o PRy (5 ) - L (5 ) ol - { S
2 R R 2 k} k
X (5551) + Bro — 57) - <1€ffu)5 (3k1Q1 — 3kaga + B 2q 2 >) <5+ - 57>
1 2k
-3 (5%) + b6 — (581) + b+ 513)) | 2%2% a) (515 ﬁg)) + QQ—UZ BlQH
X Op—w—u'), (5.68)
Im I13°
pole—cut
_ "Rk 1 (eB)q}
= 4627r/0 57 /ésmﬁcl@/ dw/ dw' [5 - ){—W
(eB)*q3 (kags — k1q1) " 3(eB
MCEEOE 960! (8:=5- )} o { 64w3
2 (1 — 2 N
. (ﬂ <k3qiﬁ§ e +Ml> 8 <5+ _6‘> 3(1628 i <5++5 >}
! / B B 2
+ 0w - Wq){z—u?«ﬁsgl) + Bro — 57) + 4—%(58 + ks p (0)> - (f6w);1 (/wu
2 jg _]% 2 2
v B0 (6, 5) - L (e 8) |0t )
eBaqs () (eB)? (.- 5¢% (kags — kiqy)
8 { 4w ( o+ Puo _67> B 16w) (3]ﬁ(ﬂ+ - 2w? >
X <5+ - 5—) - %(5%) + P16 — (581) + B3 + ﬁn)) - <2k3Q32; k-q)
x ( Y - Bl ) - 512}] 5(p—w—u), (5.69)
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Im I13°
pole—cut
2 k 0o
= e 7r/ k dk/lsiné’de/@/ dw/ dw/{tgm(wl—wq)
2r2 ) 2 21 ) &
(eB)%q2 (krgs + ksqr) " 3 63)2 % (kvgs + ksqr)
x { a 96w <ﬁ+ B Bi) — 9 4wg’ w?
2 . eB eB)? 5%(]{71(]3 + k3¢]1)
— k’3¢]1> (5+ — 5—)} + 0'(w' — %){4_% ky 59 — 6] ( k’sch 202 )
/ (€B>2 5Cﬁ ( 1(13 + /fzch)
x (8 ﬁ_)} +6(w wq>{ 67 (= 8ksar + )(8:-5)
k1gs + ksq q /
%( © 514) 2—011512}}5(p—w—w). (5.70)

5.5 Results

We perform the integrations in Eq. (5.59),(5.60),(5.61),(5.62),(5.67),(5.68),(5.69) and (5.70)
numerically. In this calculation we have taken m, = 0.14 GeV. The results are shown for

A = 0.25 GeV which satisfies eT' < A < T

The damping rate of photon in presence of magnetic field depends on the angle, 0,,
between the momentum of photon and the magnetic field. Figure 5.3 shows the variation
of the damping rate of a hard photon with the propagation angle. It increases with the
increasing propagation angle. One can see that the two transverse modes of a hard pho-
ton are damped in a similar fashion. Since the magnetic field strength is very weak, this
difference appears to be very small. We note that the magnetic correction is ~ O[(eB)?]
and switching the magnetic field from z to —z direction would not affect the result. These
two orientations of the magnetic field correspond to the propagation angle of photon 6, and
7 — 0,. These two situations are identical which correspond to the same damping rates of

photon at 6, and ™ — 0,.
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Figure 5.3: Plot of damping rate of photon with the propagation angle 0, for p = 3 GeV,
T =0.5GeV and B = m?2 /4.
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Figure 5.4: Plot of damping rate of photon with the energy for 7' = 0.5 GeV and eB =
m2 /4 at propagation angles 6, = /10 and /2.
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In Fig. 5.4 we display the damping rate as a function of photon momentum for two
propagation angles 7/10 and 7 /2. The soft contribution of the damping rate in a thermal
medium agrees well with that obtained in Ref. [197]. In presence of a thermomagnetic
medium, the soft contribution to the damping rate is found to be reduced than that of the
thermal one. For small propagation angle, the reduction of the damping rate is more com-
pared to that of thermal medium. For higher momentum the damping rate approaches the
thermal value as the temperature becomes the dominant scale as compared to the strength

of the magnetic field considered.

10.0x10~°
9.0 x107

8.0x107°|

y[GeV]
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6.0 x1078

p=3GeV, eB=m,?/4 = Yo

J

5.0 x10°° - -
0.40 0.45 0.5 0.55 0.6
T[GeV]

Figure 5.5: Plot of damping rate of the hard photon with temperature at p = 3 GeV and
eB = m? /4 for two propagation angles 7/10 and 7 /2.

Figure 5.5 displays the variation of damping rate with temperature for a specific value
of momentum and magnetic field for two propagation angles 7/10 and 7 /2. It is found that
the soft contribution to the damping rate increases with the increase in temperature both
in thermal and thermomagnetic medium. For small propagation angle the damping rate is
more reduced compared to that of large propagation angle. This observation is consistent

with Fig. 5.4.
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Figure 5.6: Plot of damping rate of the hard photon with the magnetic field strength at
T = 0.5GeV and p = 3 GeV for two propagation angles 7 /10 and 7 /2.

Figure 5.6 shows the variation of the damping rate with the magnetic field strength for
specific values of photon momentum and temperature for two propagation angles. The
thermal damping rate (O[(eB)°)) is represented by the black dashed horizontal line. The
thermomagnetic damping rate decreases with the increasing magnetic field. At smaller
propagation angles the photons are less damped than that of higher propagation angles
which are consistent with Fig. 5.4.

Fig. 5.7 shows the variation of the photon damping rate with the separation scale A
keeping the scale hierarchy e7" < A < T. As the allowed phase space increases with
the increase of A, the damping rate is also found to increase with it 2. The magnetic
correction to the thermal damping rate is negative. So, the difference between the thermal

and thermomagnetic damping rate increases with A.

2Nevertheless, the damping rate is expected to be A independent when hard contribution is added.
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Figure 5.7: Plot of damping rate of photon with A for 6, = 7/4, p = 3 GeV, T = 0.5 GeV
and eB = m?2 /4.

5.6 Summary

We have calculated the soft contribution to the damping rate of a hard photon in a weakly
magnetized QED medium where momentum of one of the fermion in the loop is considered
as soft. The two degenerate transverse modes of photon in thermal medium are damped in
a similar fashion in presence of weak magnetic field as shown in Fig. 5.3. The difference
between two transverse modes is very marginal due to weak field approximation. The soft
contribution to the damping rate in thermomagnetic medium is reduced compared to that
of thermal medium. When the magnetic field is switched off thermomagnetic damping
modes reduce to its thermal value. The effect of magnetic field is found to be dominant at

low temperature and low photon momentum.

The soft contribution to the hard photon damping rate is ~ 1075 GeV. Thus, a photon

of a few GeV energy traversing in the QED medium of temperature ~0.5 GeV and back-
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5.6. Summary

ground magnetic field ~0.005 GeV? has a mean free path (A = y~1/2) of a few A. When
the present calculation is extended to the case of relativistic heavy ion collisions, the mean
free path of photon is found to be of a few hundred fm. This confirms that the mean free
path of photon is larger than the size of the fireball and photon can be treated as a direct
probe.

The damping rate is found to be dependent on the separation scale A. One needs to add
the hard contribution with the soft contribution to cancel the A dependence of the result.
The hard contribution to the photon damping rate comes from two-loop order with hard
particles in the loop having momentum of the order of or higher than the temperature. This

itself is a huge calculation which is in progress.
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CHIRAL SUSCEPTIBILITY IN
THERMO-MAGNETIC QCD MEDIUM:

WITHIN HTL APPROXIMATION

In this chapter chiral susceptibility in QGP in the presence of a finite chemical potential
and a weak magnetic field is computed. To calculate this we constructed the massive ef-
fective quark propagator in a thermomagnetic medium. A completely analytic expression
for the chiral susceptibility in the weak magnetic field limit is obtained within HTL ap-
proximation. This chapter is based on the work presented in the following paper: Chiral
susceptibility in dense thermo-magnetic QCD medium within HTL approximation

Ritesh Ghosh, Bithika Karmakar, Munshi G. Mustafa, Phys. Rev. D103 (2021) 07,

074019, [arXiv:2103.08407].
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6.1 Introduction

It has been a long standing quest of heavy ion collision community to explore the phase
diagram of QCD. Several large scale experiments e.g., LHC at CERN, RHIC at BNL have
been designed and performed for this purpose. Upcoming experiments at FAIR, NICA,
JPARC are expected to examine the phase diagram of QCD at high baryon density. Two
non-perturbative features of QCD vacuum are confinement and chiral symmetry breaking.
With increasing temperature and/or baryon density the QCD vacuum undergoes a phase
transition to deconfined and chiral symmetry restored phase. Besides the ongoing experi-
ments, there are several theoretical tools e.g., lattice calculations [205, 206], various effec-
tive models [207, 208], AdS/QCD correspondence [209], the functional renormalization-
group method [210, 211] to study the phase diagram of QCD. Lattice results conclusively
demonstrated that the phase transition at vanishing baryon chemical potential is a crossover.
The order parameter of chiral symmetry breaking is quark-antiquark condensate which
vanishes above the critical temperature in the chiral limit. Chiral susceptibility is the mea-
sure of fluctuation of the order parameter. It estimates the response of the chiral condensate
with the variation of current quark mass. Measurement of fluctuations is an essential tool to
investigate the properties of QCD matter at extreme conditions e.g., electric charge fluctua-
tion, quark number susceptibility can give insight to the degrees of freedom of the system.
Chiral susceptibility has been studied in the framework of lattice QCD [212-216], hard
thermal loop approximation [217], chiral perturbation theory [218], NJL model [219, 220],
Dyson-Schwinger equation [221], etc.

Besides, production of magnetic field in non-central heavy ion collisions has added
a new dimension to the understanding of QCD matter discussed in earlier chapters. The

magnetic field can affect the dynamical chiral symmetry breaking. Some studies suggest
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that the chiral condensate increases in the presence of magnetic field. It is argued that in
case of neutral spin-zero pair of fermion and antifermion, magnetic moments of both point
along same direction. As a result, both magnetic moments can align along the magnetic
field direction without creating any frustration in the fermion-antifermion pair [222]. This
effect is linked to the increase in the phase transition temperature which is known as Mag-
netic Catalysis. However, several lattice studies [90] have found the opposite nature i.e.,
the decrease in phase transition temperature at least for small magnetic fields. This effect
has been named as Inverse Magnetic Catalysis. Also these studies revealed that the change
in the chiral condensate strongly depends on the temperature and the quark mass. Recently,
the chiral susceptibility was calculated using NJL model in Ref. [223] in the presence of
chiral chemical potential and non-zero magnetic field. The magnetic field breaks the fla-
vor symmetry. Hence two distinct peaks of chiral susceptibility for u and d quark have
been observed at large magnetic field. The strong magnetic field produced in heavy ion
collision sharply decays with time depending upon the conductivity of the medium. The
QCD matter cools down after the collision and undergoes the chiral phase transition at
around 160 MeV temperature. In this region the effect of weak magnetic field is partic-
ularly important. In this chapter, we consider the magnetic field to be small and use the
scale hierarchy \/|qf—m < gT < T. In Ref. [217] the chiral susceptibility was computed
with zero chemical potential within hard thermal loop (HTL) approximation. Here we,
considering recently obtained effective quark propagator in the presence of weak magnetic
field [200], determine the chiral susceptibility with finite chemical potential in the QCD

medium using HTL approximation.

The chapter is organized as follows. In Sec. 6.2 we describe the static chiral suscepti-
bility. We obtain the general structure of fermion self energy in presence of weak magnetic

field and compute the effective propagator in Sec. 7.36. The free chiral susceptibility is cal-
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culated in Sec. 6.4. We compute the HTL chiral susceptibility within weak magnetic field
approximation in Sec. 6.5. The results are described in Sec. 6.6. Finally, we summarize in

Sec. 6.7.

6.2 Definition

The chiral condensate is defined as

Tr[gq e 1] 09
Trle=PH] — Om;

(qa) 7 (6.1)
where H is the Hamiltonian of the system. () = —% In Z is the thermodynamic potential

where Z is the partition function of a quark-antiquark gas. Quark condensate also can be

written using quark propagator as
(@q) = —N.N; ITr [S(P)] : (6.2)
{P}

where N, and Ny are the numbers of quark colors and flavors respectively. Susceptibility
is the measure of the response of a system to small external force. Chiral susceptibility
measures the response of chiral condensate to infinitesimal change of current quark mass

my as

Xe = — &5 — : (6.3)
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6.3 General structure of Fermionic two point function

Recently covariant structure of fermion self-energy has been constructed in the presence of
temperature and magnetic field in Ref. [200]. General covariant structure of fermion self

energy in a weak thermomagnetic field can be written as

YX(P) = —aP —by— vy — d vs1, (6.4)

where u,, 1s four velocity of fluid. The direction of magnetic field n,, can be written in

terms of electromagnetic field tensor F*** or its dual 7 and fluid velocity ,, as

1 1, -
= S5 e u' PP = ¢ - (6.5)

For simplicity we have chosen the fluid rest frame and the magnetic field along z-direction

as

u = (1,0,0,0), (6.6)

n, = (0,0,0,1). 6.7)

The self-energy structure functions a, b, ¢ and d' in Eq. (6.4) can be calculated using
Egs. (B.1), (B.2), (B.3) and (B.4) in Appendix B. The structure functions in the pres-
ence of weak magnetic field are calculated upto O(¢sB) for zero quark chemical poten-
tial in Ref. [200]. The calculations are generalized for finite quark chemical potential in
Ref. [202]. Here, we compute the structure functions upto O(q;B)? in presence of chemi-
cal potential in Appendix B.

Following the Dyson-Schwinger equation, the effective inverse propagator of massive
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fermion can be written as

S = P—mil - (6.8)

Using Eq. (6.4) the structure of the inverse propagator of massive fermion in thermomag-

netic medium can be written as

SH(P) = (1+a)P+by+c v/ +d vs1f — my L. (6.9)

To compute the chiral susceptibility in the presence of weak magnetic field one requires
the effective fermion propagator as given in Egs. (6.2) and (6.3). So we need to invert
Eq. (6.9) to get the effective fermion propagator. For massless case, it is very easy to invert
the effective inverse propagator to obtain the general structure of effective propagator in
terms of P, ¢/, s/ and ~ys1/. To get the structure of the effective propagator in the massive
case involving the Dirac matrices: P, 1/, y5u/, 51/ and I, we adopt the following trick used

in Ref. [224].

Let us assume that we need to find the inverse of a matrix M. Now we need to choose

a matrix R and multiply it with M to get a matrix U as

U=MR. (6.10)

Now we can write inverse of the matrix M as

M~ = RU. 6.11)

In our case we need to find the inverse of the matrix S_;'. Now it is essential to choose R
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in such a way that we get U in Eq. (6.10) in a very simple form. Then it would be easy to

invert the matrix U and to find the inverse of our desired matrix S

Thus we choose R as

R = (L+a)P +bf—ysf — dysif — mylL

From Egs. (6.9) and (6.10), we have

U=S4R = ol + B+ + A\,

where

a = _2(1+a)mf>
ﬁ = —2bmf,

§ = 2((14a)dpo+bd+ (1+a)dps),

A= (1+a)P’PP4+ b0+ % —d?+mi +2(1+ a)bpo.

We can now easily invert the matrix U to get
1 1
u— = m(@5’+5i/+5%—)\ﬂ),
where
N? = a?P?+2a08py + 5%+ 6% — N\
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Following Eq. (6.11), we get the effective fermion propagator S as

Sar = RU™ = ((1+a)P+bf — ) — dysrf — my 1)

al + By + 0y — Al
a?P? 4 2afpy + B + 0% — N2

(6.17)

The dispersion relation for massive fermion in weakly magnetized thermal medium can be

obtained from the denominator of the effective propagator by setting it to zero.

6.4 Chiral susceptibility for free fermion in the presence

of weak magnetic field

We consider weakly magnetized QCD medium. In the weak magnetic field limit, we work
with the scale hierarchy, \/|q;B| < my, ~ g7' < T. Now treating ¢ B as perturbation, the
Schwinger propagator for a fermion in presence of weak magnetic field can be expanded

and written up to O[(¢;B)?] as [100]

S(K) = K +my +i7172M(qu)

K7 —m? (K iy
{(K - w)y — (K -nf} K KLE +my) 2

"2 (K2 — m3)? (&2 2yt | @7P)

+ O[(¢grB)’]

We can write chiral condensate for free fermion in weak magnetic field upto O[(q;B)?]
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from Eq. (6.18) as

a0y = Ny Yo [Su2) 4 50 4 5000,
{r}
1 2 pi
{P}

Using the definition in Eq. (6.3) the chiral susceptibility for free fermion in weak magnetic

field can be calculated as

9 (qq) 1 s DL
Xe = — = 4NN I——z(qB)
oy |, o d =P T (Pt
_ NNy o ) 2 J(z)

where i = /27T, i is the quark chemical potential. The sum-integrals are calculated

in Appendix B.1 and J(z) is given in Eq. (B.52).

6.5 HTL chiral Susceptibility in presence of weak mag-

netic field

Using the effective quark propagator in Eq. (6.17) chiral condensate (gq) takes the form,

(@) = ~N.N; Y Trl5u(P)
{P}
= 4dmyN. Ny I(l UL CUOL R S (6.21)
¢ a?P? 4 208py + B2 + 62 — A2 o

{P}
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Chiral susceptibility in the massless limit can be calculated from Eq. (6.21) as

_09(q9)
omy

m =0

= —4N.N 1+a)?P2+2(14a)bpy+ b* + d?* — ¢
f

{r}
1

2
4[(1 +a)d po+bd + (1+ a)d’pg} - [(1 +a)?P?2+ b2+ ?—d?+2(1+a) bpo}
(6.22)

29

where the expressions of various structure functions are obtained in Appendix B. Now we

expand the expression in Eq. (6.22) in the series of coupling constant g and keep upto

O(g)* as

1 1 4 1 2 1
. — 4NN ST . B (L B
X fi:{p2+mthp4+mth(p6+p2p4 p2p47;+p2p(2)p27;2>
2 2p2 2 2p2
(2 2
b
2 2

4p 3 2p 3 p 4p
mgff( L + S : 7;+p(2)p47;2+p4;347;2_p2p(2jp47;? ; (6.23)

where

QC« T2
my, = L= (14 4i?)),
e 9°CrleB)*T
o 327 m?}
B 1 ™l g
2 _ 420, UP | Iy o T 0B 6.24
Mgy g F167T2 4 (Z) me 2 | ( )

with X(z) defined in Eq. (B.51) and Cr = (N2 —1)/2N, is QCD Casimir factor. Using the
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sum-integrals listed in Appendix B.1 we find the expression for the chiral susceptibility as

N.N A \*/1 2
v = —=Lr 1+12A2+— i I (N
47T €

* <47TT> ( <Z>> % * ??;Zr)‘l (WQ N 6>

-]

(6.25)

We note that the logarithmic divergence comes from the thermal part. A new divergence

appears in presence of the magnetic field. We renormalize the chiral susceptibility within

M S renormalization scheme using the following counter term

N.N
szount@r - _ 67T2€f (3 ma + eff)

The renormalized chiral susceptibility is given as

NNy, .3 ; M,

Xe = TT {1+12,u +ﬁ<21nA—21n2—N(z))ﬁ
1 A mge | 3(2) (s

+ 372(4 3N()+6IHA_6IH2)W+W(W -

- %(”2 6) Tsz]

(6.26)

4

My
6) T4

(6.27)

with A = A /27T and [i = p/27T. The obtained result is completely analytic in presence

of chemical potential and weak magnetic field. Here we note that the Eq. (6.27) consists

of O[(¢;B)"] and O[(q;B)? terms. The O[(¢;B)"] reproduces the thermal chiral suscep-

tibility without chemical potential obtained in Ref. [217]. The O[(q;B)?] terms are the

thermomagnetic correction to the thermal chiral susceptibility.
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6.6 Results

We consider magnetic field dependent running coupling [225] as

5(A?
a(A%,|eB]) = W) (6.28)
1+ bias(A?)In <ﬁ|63|>
where the one loop running coupling at renormalization scale reads as
as(A?) = 1 (6.29)
’ byl (A2/A2 )’

11N.—2N
C—f’ A

with b1 = 197

s = 204 MeV requiring o, = 0.326 at 1.5 GeV [226]. We choose
the renormalization scale as A = 2m+/T? + p2/72. The following results are shown con-

sidering two light quark flavors u and d.

In Fig. 7.1 the chiral susceptibility scaled with temperature squared is plotted with
temperature in absence of magnetic field for zero and non zero quark chemical potential.
The effect of quark chemical potential is prominent in the low temperature region as can
be seen from the figure. Similar plot for thermal QCD medium and zero chemical potential
was obtained in Ref. [217]. For low temperature the chiral susceptibility increases rapidly
for both zero and non zero chemical potential. Here we note that the increase of the chiral
susceptibility in the low temperature region does not indicate the chiral phase transition.
It is due to the temperature dependence of the coupling constant and for the choice of the
renormalization scale [217]. At very high temperature the chiral susceptibility reaches the

free value asymptotically.
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Figure 6.1: Variation of chiral susceptibility scaled with T as a function of temperature
for chemical potential 0, 100 and 200 MeV with zero magnetic field.

The variation of chiral susceptibility scaled with temperature squared for zero and finite
magnetic field is plotted with temperature in Fig. 6.2. In the left panel of Fig. 6.2 we have
shown the effect of weak magnetic field on the chiral susceptibility for zero quark chemical

potential, whereas, the same for finite quark chemical potential is shown in the right panel.
In presence of magnetic field chiral susceptibility is slightly increased than that of thermal

medium in the low temperature region .Since we are working in weak magnetic field limit,

the increase in susceptibility due to magnetic field is small. As temperature increases the

effect of magnetic field reduces as temperature becomes the dominant scale.

It should be noted that the scale hierarchy of weakly magnetized medium is \/|q;B]| <

gT < T. This particular condition is satisfied for around 7" > 0.14 GeV as we have con-

sidered |eB| = m2 = 0.14* GeV? in Fig.2. Thus the weak field and HTL approximations

are valid at high temperature. This is consistent with our study because we calculate the
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Figure 6.2: Variation of chiral susceptibility scaled with T2 as a function of T for magnetic
field strength |e B| = 0, m2 with u = 0 MeV (left) and p = 100 MeV (right).

chiral susceptibility of the medium in perturbative region.
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Figure 6.3: Scaled chiral susceptibility is plotted as a function of magnetic field strength
leB| for temperature 7" = 0.2 GeV and ;1 = 0 MeV and 100 MeV.
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6.6. Results

The effect of magnetic field can be seen clearly from Fig. 6.3 where the variation of the
scaled chiral susceptibility is shown with magnetic field for fixed temperature 7' = 200
MeV. Here we notice the slow increase in the chiral susceptibility with increasing mag-
netic field for both with and without chemical potential. Here we note that the weak field

approximation is valid in this case because /|q;B| < T is satisfied.

2.2 : :
% — A=nT? + p?/n?
[
20 E: = A =2m\/T? + p?/m?
18] & l,' - A=4dn\/T? 4+ p? /w2
o 18}
=
3
= 14}
12}
1.0 1.0
[eB|?> = m2, g = 0 MeV [eB|? = m2, p = 100 MeV
08 ‘ ‘ ‘ 08 ‘ ; :
0.0 05 1.0 1.5 2.0 0.0 05 1.0 15 2.0
T [GeV] T [GeV]

Figure 6.4: Variation of chiral susceptibility scaled with 7% as a function of temperature
for magnetic field strength m? for different values of renormalization scale.

In Fig. 6.4 the sensitivity of the chiral susceptibility with renormalization scale is shown in
the presence of a constant weak magnetic field. Here chiral susceptibility scaled with 7% is
plotted with temperature for zero(left panel) and finite (right panel) chemical potential by
varying renormalization scale A by factor 2 around its central value 27 \/ﬁpﬂ/ﬁ2 .
Here we note that HTL approximation is valid above the phase transition temperature
where the scale hierarchy /|¢;B] < gT' < T is maintained. We have shown the plots of

chiral susceptibilities at low temperature just to show the steep increase in the plots.
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6.7 Summary

We have investigated the effect of magnectic field on the chiral susceptibility of quark-
gluon plasma within HTL approximation in presence of finite chemical potential. The gen-
eral structure of effective massive fermion propagator is constructed for thermo-magnetic
medium. Then the self-energy structure functions upto O[(¢;B)?| in presence of chemical
potential have been calculated in the weak magnetic field regime using the scale hierarchy
\/W < gT' < T'. Quark condensate is computed using effective quark propagator in
presence of magnetic field. Finally we obtain completely analytic expression for chiral
susceptibility in hot and dense weakly magnetized QCD medium. We have subtracted the
UV divergence via M S renormalization scheme. It is found that the chiral susceptibility
is increased due to the presence of chemical potential as well as the background magnetic
field. At high temperature the effect of magnetic field on chiral susceptibility becomes

feeble.

112



CHAPTER 7

QUARKONIUM IN HOT AND MAGNETIZED

QGP MEDIUM

In this chapter we have explored the imaginary part of the Heavy Quark (HQ) potential
and subsequently the dissociation of heavy quarkonia at finite temperature and magnetic
field. The present work contain three new ingredients. First one is considering all Landau
level summation, for which present work can be applicable in entire magnetic field domain
- from weak to strong. Second one is the general structure of the gauge boson propagator
in a hot magnetized medium, which is used here in heavy quark potential problem first
time. Third one is a rich anisotropic structure of the complex heavy quark potential, which
explicitly depends on the longitudinal and transverse distance. This chapter is based on the
work presented in the following paper: Anisotropic tomography of heavy quark dissocia-
tion by using general propagator structure at finite magnetic field

Ritesh Ghosh, Aritra Bandyopadhyay, Indrani Nilima, Sabyasachi Ghosh, [Communicated],

[arXiv:2204.02312].
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7.1 Introduction

As mentioned earlier in Chapter 1 several theoretical efforts [227, 228] have been made to
study the modification of the strongly interacting matter in presence of an external magnetic
field produced in noncentral HICs. In this chapter we have focused on one important
signature of quark matter and its behavior in presence of an arbitrary external magnetic
field, i.e. heavy quarkonia. Because of their large mass and resistant behaviour towards
thermal medium heavy quarkonia is considered as one of the most dynamic probes to study
the characteristics of the quark matter. There are mainly two lines of theoretical approaches
to determine quarkonium spectral functions, viz. the potential models [113, 114, 116, 117,
229, 230] and the lattice QCD studies [118, 231]. In lattice QCD simulation approach, one
studies the spectral functions derived from Euclidean meson correlation [232]. Because
of the decreasing temporal range at large temperature, construction of spectral functions
is problematic and hence the results suffer from discretization effects and statistical errors
and, thus, are still inconclusive. This is why potential models have been used widely to
study the heavy quarkonia at finite temperatures. Pioneering studies to explore the heavy
quarkonia and its dissociation at finite temperature using potential models has been done by
Satz et. al. [113, 114]. In Ref. [113], they predicted a suppression of the bound state of cc
pair, which is being caused by the shortening of the screening length for color interactions
in the quark matter.

A very short lifetime (~ few fm/c) of the quark matter in HIC experiments further
emphasizes the need to explore the effects of magnetic field on the properties of heavy
quarkonia. There are also several studies in the literature which have explored the effect of
magnetic field on the evaluation of quarkonia [233-236]. Modification of the heavy quark

potential is one of the most important aspect of the theoretical up gradation required to
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study the properties of heavy quarkonia in a magnetized medium, which is studied recently
by Refs. [1, 237]. The effect of a constant uniform magnetic field on the static quarkonium
potential at zero and finite temperature and on the screening masses have been studied in
Refs. [238] and [239]. For heavy quark diffusion phenomenology at finite magnetic field,
see Refs. [240, 241].

In this chapter we will investigate the properties of heavy quarkonia at finite magnetic
field using the most general structure of the gluon propagator in a hot magnetized medium.
Several recent studies have presented various general structures of the fermion and gauge
boson self energies vis-a-vis propagators at finite temperature and in presence of an exter-
nal magnetic field [199, 200, 242-249] using different independent tensor structures. For
the present work we have chosen the effective gluon propagator in a hot and magnetized
medium from Ref. [199]. The medium modified heavy quark potential is the sum of both
Coulombic and string terms [250] and it is directly dependent on the temporal compo-
nent of the gluon propagator through the inverse of dielectric permittivity. For obtaining
the imaginary parts of medium modified heavy quark potential we will extract the imagi-
nary part of the resummed gluon propagator in terms of real and imaginary parts of gluon
self energy form factors. Moreover, the form factors can be divided into fermionic and
gluonic contributions and the magnetic field dependent contribution arises only from the
fermionic contribution. Subsequently, this will give the imaginary part of the dielectric
permittivity, which in turn will give the imaginary parts of the in-medium heavy quark

potential [231, 251-254].

When we notice recent Refs. [1, 237] for the research topic on heavy quark potential
at finite temperature and magnetic field, then we can find limitation of their application
zone of magnetic field. Ref. [1] can be applicable in the strong field limit, where lowest

Landau level (LLL) approximation take dominant contribution, whereas Ref. [2] is done
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in the weak field limit. In this regards, present work can be applicable to entire magnetic
field domain from weak to strong as we are considering all Landau level summations.
Unlike to Refs. [1, 2], where they had neglected the Debye mass (mp) independent terms
in the calculation of the form factors, those terms will be automatically incorporated in
our calculation. This contribution has been taken care by using general structure of gluon
propagator at finite temperature and magnetic field. Apart from these two ingredients -
(1) considering all Landau level summation and (2) considering general structure of gluon
propagator at finite temperature and magnetic field, we also have shown the anisotropic
structure of heavy quark potential, which can be naturally expected at finite magnetic field
but ignored in earlier Refs. [1, 2].

This chapter is organized as follows. In section 7.2, we will discuss the formalism used
to execute this work. In subsection 7.2.1 we discuss about the formalism of Heavy quark
potential in presence of an external magnetic field. Subsections 7.2.2 and 7.2.3 deal with
the formalism of imaginary part of the potential and evaluation of the real and imaginary
parts of form factor b(P) respectively. Moreover in subsection 7.2.4, we will discuss about
the final anisotropic expression of potential and decay width expression. Section 7.3 refers

to the results and discussions after which we conclude in section 7.4.
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7.2 Formalism

7.2.1 Heavy quark potential in presence of an external
magnetic field

To understand the melting of the quarkonia near crossover temperature, one needs to in-
corporate the non-perturbative effect in the heavy-quark potential. The Cornell potential
consisting of the Coulomb and string-like part can describe the vacuum behavior of quarko-
nium bound state very well. In-medium behavior of the potential is not well-known in lit-
erature. There are several proposals to parametrize the real and imaginary part of potential
and we would use one of them, by the virtue of which we can write down the in medium

heavy quark potential in real space as [255, 256]

Vo) = [ (1) e

where €(p) is the dielectric permittivity which contains the medium information and Veormen

is the Cornell potential in momentum space, which is given by

a 4o
Viorne = —\2/T— — ——, 7.2
Cormell (P) / 2 \/ﬁp‘l (7.2)

with o« = Cray, Cp = (N? — 1) /2N, and o is the string tension.
Inverse of dielectric permittivity €(p) is related with the temporal component of the

effective gluon propagator D*” by the definition [1]

e '(p) = lim p>D"(P). (7.3)

po—0
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In presence of an external magnetic field one needs to consider appropriate modifications
in the gluon propagator. The general structure of a gauge boson propagator in a hot mag-
netized medium is given in appendix C.1 and from eq (C.10) one can easily extract the
temporal component as

P*—d

DR(p) = (P2 —b)(P2 —d) — a?

BY(P), (7.4)

where a(P), b(P) and d(P) are the corresponding form factors whose explicit expressions
are given in appendix C.1. Now in the vanishing limit of py, form factor a(P) also van-
ishes [257]. So we are not considering the form factor a(P) in our case. Hence in our case

the temporal component of the effective propagator can be further simplified as

1

DR(p) = (P? —b)

BY(P). (7.5)

7.2.2 Imaginary part of the potential

Instead of going to real part of potential, we will focus directly on its imaginary part as it

will be connected with heavy quark dissociation probability, which is our matter of interest.

From Eq. (7.1), one can straightway extract the imaginary part of the in medium heavy

quark potential as

[
(27)3/2

[l

(2m)"2

1

6ip~r - 1) VCornell(p) Im € 9

ImV (r) =

et —1

VCornell(p) p2 (hm Im DOO(P>> . (76)
po—0
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In the spectral function representation one can evaluate the imaginary part of the effective
gauge boson propagator (D" = C;P!", where C; are the form factors and P! are the

projection operators) as [258]

Im D" (P = {py, p}) = —7 (1 + e /) p"(py, p), (1.7)

where p” is the spectral function, represented as

epo/T

pi P (7.8)

1
122 —
P (p07 p) T ePO/T 1

with p; being the imaginary parts of the respective form factors, i.e. p; = Im C;. Using this
approach, from equation (7.5) the imaginary part of the temporal component of the gluon

propagator can be written in terms of the self energy form factor b(P) as

1 ePo/T Imb 1
Im D% — (1 Le /Ty = — 7.9
m D™ (po, p) m(1+e ) mero/T —1 (P2 —Reb)? + (Imb)? u?’ 79

where we have used B(P) = %, with u = —prTQpQ. In the next subsection we will
0

evaluate the real and imaginary part of the form factor b(P).

7.2.3 Evaluation of the real and imaginary parts of b( P)
The form factor b( P) can be divided into quark and gluonic contributions as

2 _ 2
b(P) = bq(P) +bg(P) = _popr HSO(P) +H20(P)}’ (7.10)

where Hg? , are quark/gluonic parts of the temporal component of the one loop gluon self

energy in a hot magnetized medium.
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Gluonic contribution

Since gluons are not affected by magnetic field, the gluonic contribution of the one loop

self energy is similar to the B = 0 case [1], 1.e.

+p| . Do
%0 = m? {l—ﬁln Po ’+m—@p2—p2 , (7.11)
‘ Dt~ 2™ | py—p| T Ty OW PO
where m?, g = @ and O is the step-function. This implies in the py — 0 limit we can

write down the real and imaginary part of the form factor b,(P) as

I}SLnORe by(P) = mip,, (7.12)
. o 2 TPo 2
plolgolm by(P) = ]Dlginong 2% O(p?). (7.13)

Fermionic contribution

Figure 7.1: One loop gluon self-energy.

To evaluate the fermionic contribution we are going to review the one loop gluon self-
energy calculation from quark-antiquark loop in presence of arbitrary magnetic field. Qurak-

antiquark are affected by magnetic field, so the propagator should be modified in presence
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of the magnetic field. Translation invariant part of the fermion propagator G(¢,r) can be

written in mixed coordinate-momentum space as [76, 228]

dekZ ikyz—iwt
G@J%i/zgve Glw, kot (7.14)
where
—r3 /(4d3) ©
e 4L f Dl((«d,k’z,rj_)
k = . 7.1
Glw ksyr1) =3 2rd;  — w? — k2 —m} —2l|eB]| (7.15)

In this case, the magnetic filed B is in the z-direction and the vector potential is given by

Landau gauge i.e. A = (— By, 0,0). The numerator of eq. (7.15) is given by

2 2
Dyw korr) = (@7° =k +m) | Py Ly =% ) + P Lisy (=%
22 22

i 1 i
— d—?(rL . ’Yl)Ll—l E s (716)

where P, = 1[1 + isign(qsB)y'~?] are spin projectors and dy = \/ll_lﬂ. L%(x) are
a

the generalized Laguerre polynomials and L*,(x) = 0 by definition. So the gauge-boson

self-energy can be written as

v _ 2 Z 12 —ir -
I (iwm, p) = g T§ E / o d°r e ""HPL

n=—oo

x Tr {qu(iwn, k,,r1 )7 Gliwy, — iwm, k, — psy —r1) | (7.17)
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Here fermionic and bosonic Matsubara frequencies are w,, = (2n+1)77T" and w,,, = 2mnT

respectively. Eq. (7.17) can be further simplified as

I (iwm, p) = —g

where the fermionic energies are defined as £, s

eiri/(Zc?‘)

(2rd2)?

I- e_ZrL pPL

oo 00 quv

1
g3 2 ko — Bk g5 — Evg.’

define S*¥ as the trace

SH

Y = Tr[y*D)(iwn, ks, 11 )7 Di(iwy — iwm, ky, r1)].

(7.18)

= \/mfc+k§—|—2lquB\. Here we

(7.19)

Since we are only interested to find the temporal component of the one loop self energy,

we can straightway put 1 = v = 0 to get

00/,
I1,° (i, P)

X

2 2
LS [
2 2 2rd)?
Sy
1=0 I'=0 ko Elk qO El,a‘]z

4r 2
{Q(LlLl/ + Li—y Ly—1)(kogo + ksqs + m3) + d4L L Lzlf1}
1

1 & dk,
-9'T3 2. /2 ZZkQ Elk @ — Epg 47r2d4

n=-—o00 =0 l'=

{47Td?c(Xl’l/ + Xl—l,l’—l)(kOQO + /{33(]3 + m;) + 87TX111,Z/1}

dk. np(Ek,,r) —ne(s1Ey g, ¢)
47r22 Z d4/ Z Z ds1 By j, By g, 1

1LI'=0 s1,52==%1

(L5 + Io¢),
189 Wy, + El,kz,f - SlEl’»qz,f g !

(7.20)
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where the functions I; ; and I, ; are defined as

I ¢ Ard; (SlEkz7lE L+ keqs + m?) {Xz,z' + Xl—l,l’—1:| ;

Ly = 8nX) 1y, (7.21)

The associated function X, ,, and X %m are defined in Appendix C.3. Finally we can write

down the real part of the temporal component of the self energy in the limit of py — 0 as

130, p) z TS
q ) 2 4
po—0 87T d LI'=0 s1,50= :tl
(nF(El,kz,f) —np(siBrg.s) L+l ) (7.22)
451 B 4. 1By g.. 1 Egs— 5181 g. s '
po—0

Now to find out the imaginary part of the self-energy, we need to perform analytic contin-
uation to the real value of gluon energy. By replacing iw,,, — po + i€, the imaginary part

of the temporal component of the gluon self-energy is given by,

nr (B, ) — nr(s1Evq..r)
I (py,p) = / -
g 47?2 Z d4 L7=0 51,502 ﬂ 4s18oEu k. £ Ev g, 1

X 5(82]9 -+ E“.gmf — SlEl/’qz,f)(Il,f + IQJ). (723)

In the limit of our interest, i.e. py — 0, only two delta function will contribute i.e. for

s9 = £1 when s; = 1. We can write the above equation as

ImITY° (po, p)

= S
po—0 2 4’71' ; d4 / ”/Z Z 482El K fEl/ ax,f 8Ek 2Po
X 0(Eip.,s — Bvg..r)(Iis + fzf)

(7.24)
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1 2g Il f + .[2f 8nF(Ek)
= - o(E — Ey 7.25
—Po Z d4/ 4Elkz vy OB (Eik..f V.g..5)(7.25)

/
7

Now we use the following property of the Dirac delta function

o(xr — xy,
37 =3 ™ i , ) (726)
n Oxr 1T=Tn
with x,, as the zeros of the function f(x), to obtain the solutions for &, as
2(' = )|qsB 2

2p.

Using the value of k. subsequently we obtain the explicit expressions of fermionic ener-

gies as
24+ 2(I' = 1)|grB
_ 2p
k.=kzo 2
2 2(I' = )|g;B|\?
E, v — \/mg +20'|q; B| + (pz (= Dlas |) . (7.29)
’ _ 2p
kz—kzO 4

Hence, finally we can write

(7.30)

kz=ko

ImIT (po, p)

2g 1 I ft I f E B
pr— — —— —, ? 1 —
5 po Z d4 2 ZZZ 4p, El,kz,an< k) nr(Ef))

po—0 '—0

So, the real and imaginary parts of the form factor b, in the limit of py — 0 are respec-

tively given in Eq. (7.22) and Eq. (7.30).
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7.2.4 Final expression of Imaginary part of potential and

Decay width

Using Egs. (7.12), (7.13), (7.22) and (7.30) in Eq. (7.9) within the limit p0 — 0, we find

1 7 T'm?
ImD”(p) = -2 X < Do
(p) 7 Rebm =09 <\ 2
2
g 1 1 ]17]0 + Ig7f
- o= ———=np(E)(1 — np(Ey)) (7.31)
47 fud df 2 l,l’Z:O 4pz El7kz7f kz=k.o
where
Re b(pO = 07 p) = Re bq(pO = 07 p) + Re bg(p(] = OJ p)7
= Rell)°(py = 0,p) +mp,. (7.32)

As the expression for Im D% is an explicit function of p, and p,, so we need to ac-
cordingly break up the phase space due to anisotropy of the external magnetic field along

the ‘2’ direction. By doing that, Eq. (7.6) will be transformed into

dp,dp.d
T b (C——

( 2/ \/—p )pQImD00<pzapJ_)7
d
— _/%/ dpz47r(J0(me)coszpz—1)
0

« 40
x| v/2/71= + Im D (p.,p.). 7.33

Eq. (7.33) is our final expression for the imaginary part of the heavy quark potential.

We will now use the imaginary part of the potential to calculate decay width (T"). So
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using the first-order time-independent perturbation theory, decay width(I") can be estimated

from the given equation [1, 252]
I(T,B) = — /d3r |U(r))*Im V(7 T, B) , (7.34)

Here ¢ (r) is the Coulombic wave function for the ground state is given by

W(r) = L e, (7.35)

Vrad

where ag = 2/(mga). Substituting the imaginary part of equation given in (7.33) into
(7.34) we estimate the decay width for given temperature and magnetic field. We would
discuss the decay width of two quarkonia, J/1 (the ground state of charmonium, c¢¢ ) and

T (bottomonium, bb).

7.3 Results

In this section we will discuss our results about the imaginary part of the HQ potential and
the decay rate. For our present study we have chosen N, = 3, Ny = 2 and the strong

running coupling constant g as

2
P(T) = il (7.36)

(11N, — 2N/) In (iﬂ-j) ’

MS

with Ajg = 0.176 GeV [155]. We also want to mention here, that there are recent studies
which explore the thermo-magnetic behavior of the strong coupling g [92, 225, 259, 260],
which will be interesting to incorporate in future works. We have taken the value of string

tension as o = 0.174 GeV? [261]. Considering the anisotropy encountered in our studies,
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throughout the results section we will discuss two cases, i.e. with varying z for a fixed r

and vice versa.

0.00 [~s i — 0.00 [~ j i
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Figure 7.2: Variation of Im V' with distance. We have shown two plots comparing with two
recent results from Ref. [1] (left panel) and Ref. [2] (right panel) which requires certain
fixed values of magnetic field (e3) and temperature ('), as depicted in the plot. We have
considered both the cases, i.e. with vanishing r; and with vanishing z.

As mentioned in the introduction, recently several studies have explored the heavy
quark potential in a magnetized medium restricting themselves to limiting cases involv-
ing strong or weak magnetic field approximations. In this context, present work can be
applicable in entire domain of magnetic field from weak to strong as we are considering
all Landau level summation. Therefore, we have started our numerical presentation from
Fig. 7.2, where we have compared our result with two such recent results, strong field or
LLL approximated result from Singh et.al. [1] and weak field or perturbatively expanded
result from Hasan et.al. [2]. Since our present calculation has captured the anisotropic out-
comes of magnetic field, so potential become function of r; and z but earlier Refs. [1, 2]

provide isotropic potential in terms of 7 only. Hence, the comparison will not be very
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straight forward. In the left panel, we have compared our anisotropic results for 7; = 0
and for z = 0 with the LLL approximated results from Ref. [1] which shows noticeable
difference between them. One of the source of this difference is that our results carry all
Landau level summation but Ref. [1] is LLL approximation. To find other sources of dif-
ference, we have generated our LLL approximated results which also differs from that of
Ref [1]. Origin of this difference between the two LLL approximated results can be traced
back to the structure of the coefficient function b where we have made no approximations
unlike Ref [1], where they have neglected the Debye mass (mp) independent terms. Also
anisotropic and isotropic structures are another level of differences. Similar difference can
again be observed in the right panel of fig. 7.2 where we have compared our general results
for both r; = 0 and z = 0 with that of an weakly approximated one from Ref [2]. Hence,
the left and right panels of Fig. 7.2 indicate that our results in weak and strong fields both
limits can not merged with earlier estimations [, 2] because of general structure of mag-
netized gluon propagator and anisotropic structure of potential, considered in the present
work.

To further emphasise the deficiency of the LLL approximation, in fig. 7.3 we have
plotted the variation of the imaginary part of the HQ potential with distance for various
increasing values of the Landau levels and compared them with respect to the LLL approx-
imated result. Again, we have shown two different cases in two panels of fig. 7.3, left panel
showing r;, = 0 case and right panel showing z = 0 case. For both the cases one can iden-
tify that the LLL approximated result is hugely overestimating the values for the imaginary
part of the HQ potential, whereas with increasing values of the number of Landau levels n,
the gap with the full result is getting diminished. We have considered n = 50 as full results

since we notice that the values are not changing beyond n = 10.

In fig. 7.4, we have again compared our general result with the Debye mass approxi-
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Figure 7.3: Variation of Im V' with distance, i.e. with z for vanishing r; (left panel) and
with 7, for vanishing z (right panel), is shown considering different number of Landau
levels where we show the difference between the LLL approximated result and the full
result.

mated results, but this time for arbitrary values of external fields. As our observable, again
we have chosen the imaginary part of the HQ potential. In appendix C.4, we have given the
expression for the Debye mass approximated imaginary part of the HQ potential, which
is isotropic in nature (i.e. no explicit dependence on r; and z), unlike our most general
result. So, in fig. 7.4, we have shown this Debye mass approximated isotropic curve (solid
curve) with our anisotropic curves (dashed and dotted curves). The anisotropic curves are
plotted from our main result, i.e. eq. (7.33) using eq. (7.31). Among the two curves, the
dashed curve shows the variation with z for vanishing r; whereas the dotted curve shows
the variation with 7, for vanishing z. On the other hand, the solid curve is drawn using
eq. C.17 where one can see that the magnetic field effect is coming solely through the De-
bye mass, subsequently providing incomplete information. In this scenario, we are getting

the isotropic space dependency of the potential. One can observe from fig. 7.4 that the
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Figure 7.4: Variation of Im V' with distance comparing between full and Debye mass ap-
proximated expression. The variation is shown with z for vanishing r, (dashed curve),
with 7, for vanishing 2z (dotted curve), and with isotropic r using Debye mass approxi-
mated expression (solid curve).

difference between the full result and the Debye mass approximated result increases sig-
nificantly with increasing distance, thereby emphasizing the importance of considering the
anisotropic nature of the full HQ potential in presence of arbitrary values of external mag-
netic fields. So, from Fig. (7.2) to (7.4) are devoted to show our ingredient details in the
heavy quark potential at finite 7', B with respect to earlier calculations [1, 2]. Next, we will
zoom-in more the anisotropic tomography of this heavy quark potential due to magnetic
field, which is probably first time addressed in the literature.

Fig. 7.5 have explored the anisotropic nature of the heavy quark potential in presence
of the external magnetic field, applied along the z direction. In upper panel of fig. 7.5
we have shown the variation of the imaginary part of the HQ potential with respect to the
longitudinal distance z for two different fixed values of the transverse distance r; = 0

(upper-left panel) and r; = 0.5 fm (upper-right panel). For both the plots we have fixed
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Figure 7.5: Variation of Im V' with 2 for two different fixed values of r; - r; = 0 (upper-
left panel) and r; = 0.5 fm (upper-right panel) and with r; for two different fixed values
of z - z = 0 (lower-left panel) and z = 0.5 fm (lower-right panel). For each of the plots we
have chosen two different values of temperature and a fixed value of the external magnetic

field.

131



Chapter 7. Quarkonium in hot and magnetized QGP medium

1.0},

z [fm]

0.0, ‘ 0075 ‘ &
0.0 0.2 0.4 0.6 0.8 1.0
r [fm]

Figure 7.6: Contour plot of Im V' showing the equal potential regions for different values
of r; and z.

the external magnetic field to eB = 15m?2 and shown the variation for two different values
of the temperature, i.e. 7" = 0.2 and 7' = 0.4 GeV. For the plot with ; = 0, at lower
values of z, both the curves start from vanishing Im V', as expected. Also for both the
plots one can notice that with higher values of temperature, the magnitude of Im V' also
becomes higher. The curves show a gradually decreasing behaviour of the imaginary part
of the HQ potential with increasing distance, as was also evident from figures. 7.2 and 7.3.
Lower panel of Fig. 7.5 shows similar behaviours, where we have fixed z to two different
values of z = 0 (lower-left panel) and z = 0.5 fm (lower-right panel) and varied Im V" with

respect to 7 .

In fig. 7.6 we have shown the overall spatial dependence of the imaginary part of the
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Figure 7.7: Variation of Im V' with temperature shown for two different cases, i.e. for
vanishing r; (left panel) and for vanishing z (right panel). for each of the plots, we have
chosen two different values of the external magnetic field which shows some interesting

Crossovers.

HQ potential in the form of a contour plot where we have varied both z and r; within
the range of 0 to 1 fm. For this plot, we have fixed the values of the temperature and
the magnetic field as 0.2 GeV and 15 m? respectively. The equal potential (imaginary)
regions are represented by different curves and the corresponding values for the imaginary
parts of the HQ potential is depicted on top of each curve. Reader should notice that
equi-potential curves are elliptic in nature instead of circle. Finite magnetic field make
this transformation from circle to ellipse, meaning isotropic to anisotropic transformation.
So this anisotropic tomography of heavy quark potential may be used as a signature of
magnetic field, produced in heavy ion collision. Though this task is very non-trivial but we
will try to search the possibility by presenting our results in different angle. The contour
plot (fig. 7.6) will be modified with temperature and magnetic field, which is explored in

next paragraph.
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Chapter 7. Quarkonium in hot and magnetized QGP medium

In fig. 7.7, we have presented the variation of the imaginary part of the HQ potential
with respect to the temperature for two different values of the external magnetic field,
i.e. eB = 10m?2 and eB = 20m?2. We have considered the case of vanishing transverse
distance in the left panel with a fixed value of z = 0.5 fm. It can be observed that for
vanishing temperatures, curves for different magnetic field merges into giving a vanishing
Im V as in-medium dissociation phenomena of quarkonia can’t be expected in vacuum
or T = 0. When the temperature starts to increase gradually, at first the curve for the
higher magnetic field gives higher values for imaginary part of the HQ potential. However,
after a certain temperature, we observe a crossing between the curves. This feature can
be understood in the following way: In the low temperature region, magnetic field is the
most dominating scale. As the temperature starts to increase, a competition between the
magnetic field and the temperature takes place. The nature of the curves get inverted with
the enhancement of the temperature, as the temperature scale becomes more dominant for
eB = 10 m?2, compare to eB = 20 m?2. Similar behaviors have also been observed in
the right panel where we have vanishing 2z and a fixed »; = 0.5 fm. So, according to
Fig. 7.7, dissociation probability is enhanced and suppressed by magnetic field in the low
and high temperature respectively. If we concentrate within 7' = 0.1-0.4 GeV, eB = 10-
20m?2 as covering domain of expanding QGP and heavy quark dissociation temperature
range broadly as 7; = 0.15-0.35 GeV, then along z-axis, dissociation probability can be
enhanced due to magnetic field, while opposite impact of magnetic field can be occurred
along r -axis. This comment is based on the left and right panels of Fig. 7.7, which are
plotted at r; = 0, 2 = 0.5 fm and r;, = 0.5 fm, z = 0 respectively. However, for
exact knowledge of enhancing and suppressing dissociation domain, one should notice the

variation of all four parameters - r, z, T and eB.

From the earlier discussion, we can see a rich anisotropic tomography of heavy quark
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Figure 7.8: Variation of the decay width I" with respect to the external magnetic field for a
fixed temperature shown for the case of Charm quark (left panel) and Bottom quark (right
panel). Curves shown for the case of LLL approximated result, mp approximated result
and full result.

dissociation by varying r,, z, 7" and e but when we go towards experimental quantity
- heavy quark dissociation probability, this anisotropic tomography will be integrated and
we will get only temperature and magnetic field dependent dissociation, which carry the
anisotropic information through its integrated values, which will be different from corre-
sponding integrated values isotropic potential. Using Eq. (7.34), this integrated values of
heavy quark dissociation are obtained. In figs. 7.8 and 7.9, we have studied the variation of
the decay width with respect to the external magnetic field and temperature respectively. In
the calculation we take the bottomonium and charmonium masses as m; = 4.66 GeV and
m. = 1.275 GeV respectively [1, 262]. For each of the cases, we have shown two plots, for
charm (left panel) and bottom (right panel) quarks. In fig. 7.8 we have fixed the temperature
at T = 180 MeV and in fig. 7.9 we have fixed the magnetic field at e B = 10m?2. In each of

the plots we have compared our full result (dashed lines) with the LLL approximated result
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Figure 7.9: Variation of the decay width I' with respect to the temperature for a fixed
external magnetic field shown for the case of Charm quark (left panel) and Bottom quark
(right panel). Curves shown for the case of LLL approximated result, mp approximated
result and full result.

(dotted lines) and the Debye mass approximated result without structure (solid lines). One
can notice from fig. 7.8 that the LLL approximation again overestimates the magnitude of
the decay width. In comparison with the Debye mass approximated result, our full result
of the decay width shows a different 7" and e B profile for both charm and bottom quarks.
An increasing behaviour with increasing temperature can also be found in fig. 7.9. As the
bottomonium states are smaller in size with larger masses than the charmonium states, the

thermal width for T is considerably smaller than the J/\.

At the end, we want to emphasise once again that with respect to earlier estimations [ 1,
2] of heavy quark dissociation in presence of finite magnetic field, present results find a new
dimension, i.e. a new profile in temperature and magnetic field axes and more intriguingly
a rather complex anisotropic tomography in heavy quark dissociation. Former modification

is found for adopting the general structure of gluon propagator at finite magnetic field in
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heavy quark potential framework, which is done here for first time. On the other hand, the
later modification - anisotropic tomography of heavy quark dissociation, which can always
be expected at finite magnetic field if one carefully considered parallel and perpendicular
momentum components during Fourier’s transformation. Since earlier Refs. [1, 2] have
not included this consideration, so anisotropy structure is missing in their calculations. In
this context, our present work is first time pointing out this anisotropic structure in heavy
quark potential, which might build an anisotropic dissociation. In near future, our plan
is to connect this anisotropic aspect of heavy quark potential due to magnetic field with
quarkonia suppression phenomenology, which might unfold how to get signature strong

magnetic field through quarkonia phenomenology.

7.4 Summary

In the present theoretical study, we have evaluated the imaginary part of heavy quark com-
plex potential formalism at finite temperature and magnetic field, whose preliminary steps
are standard and as follows. The imaginary part of heavy quark-antiquark potential in terms
of coordinate space, temperature and magnetic field can be estimated by taking Fourier’s
transform of momentum dependent potential, divided by permittivity of the medium, which
carry temperature and magnetic field. This permittivity can be calculated from the temporal
component of the effective gluon propagator at finite temperature and magnetic field.
Now, in the present work we have adopted the general structure of the gluon propagator
at finite temperature and magnetic field, which was not considered in earlier works. So a
new ingredient of temperature and magnetic field field dependent profile in calculations
is found. Our adopted generalized gluon propagator consisted four linearly independent

tensors. So there are four form factors which can be calculated from the gluon self-energy.
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In our case, we have only needed one form factor explicitly for the sake of our calculation.
This is evaluated from the one loop gluon self-energy where the quark loop is affected by
magnetic field. So the modified quark propagator in presence of magnetic field is consid-
ered. We have obtained the results for general magnetic field by summing all Landau level
contributions. Comparing our results with the existing works, done with lowest Landau
level approximation in the strong field limit as well as weak field approximation, one can
consider our work as the more general in nature. Our results are applicable for the entire
range from weak to strong magnetic field. This is because we are considering all Landau
level summation and most general structure of gluon propagators, which are taking care of

corresponding full quantum mechanical and quantum field theoretical effects respectively.

Apart from these new ingredients - all Landau level summation and general structure
of propagator, present work has adopted another novel and interesting fact - anisotropic
form of heavy quark potential in presence of magnetic field, which were ignored in earlier
works, because of some approximations like ignoring the Debye mass independent terms.
We have graphically presented the detailed anisotropic tomography of imaginary part of
potential, which modifies with temperature and magnetic field. This is one of the main
findings of our present study, which to the best of our knowledge, has not been discussed

before in the literature for heavy quark potential.

Imaginary part of heavy quark potential basically provides us with its dissociation prob-
ability. After doing the co-ordinate space integration by folding with probability density,
based on simple wave-function due to Coulomb-type potential, we have obtained the tem-
perature and magnetic field dependent dissociation probability or thermal width of quarko-
nium states - J/W and Y. Here, we have again found the modified temperature and mag-
netic field profile due to considering the summation over all possible Landau levels and the

general structure of gluon propagator at finite magnetic field with respect to earlier refer-
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ences. We believe that the anisotropic aspect of heavy quark potential due to magnetic field
might build an interesting quarkonia phenomenology, which is planned for our next work.
Further studies on the angular dependence / ellipticity (e.g. for the case of photon emission,
see [76] ) of the dissociation probability is also needed to disentangle the anisotropy due
to the external magnetic field with the geometrical effects coming from the shape of the

plasma produced in non central HIC.
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CHAPTER §

HADRONIC VISCOSITY COEFFICIENT AT
FINITE TEMPERATURE AND MAGNETIC

FIELD

In this chapter, we calculate the transport coefficient of hadronic matter in the presence of
temperature and magnetic field using the linear sigma model within the relaxation time ap-
proximation. The point-like interaction rates of hadrons are evaluated through the S-matrix
approach in the presence of a magnetic field to obtain the temperature and magnetic field-
dependent relaxation time. By incorporating the estimated relaxation time, the temperature
and magnetic field-dependent anisotropic shear viscosity coefficients are obtained. This
chapter is based on the work presented in the following paper: Shear Viscosity of hadronic
matter at finite temperature and magnetic field

Ritesh Ghosh, Najmul Haque, Phys. Rev. D105 (2022) 11, 114029, [arXiv:2204.

01639 [hep-ph]].

141
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8.1 Introduction

In relativistic heavy-ion collision experiments at the Large Hadron Collider (LHC) and
Relativistic Heavy Ion Collider (RHIC), a novel state of quarks and gluons, i.e., quark-
gluon plasma (QGP) [9] is produced as a near-perfect fluid [20, 263, 264]. The ellip-
tic flow [31, 265] data indicates the smallest viscosity to entropy density ratio (1/s) of
the QGP medium. The produced QGP medium shows the collective behavior, and it un-
dergoes space-time evolution and finally emanates to the hadronic phase. The transverse
momentum spectra and the collectivity of the produced particles can be studied from the
hydrodynamical modeling [31]. The transport coefficients are used as the input parameters
for the hydrodynamic simulations.

More research interests have grown in the non-central heavy-ion collisions through
the last decade discussed in introductory Chapter 1. In this chapter we evaluate the shear
viscosity coefficients of hadronic matter in a strong magnetic field using the linear sigma
model (LSM). The LSM is one of the simple models to study the hadronic system and was
first introduced by Gell-Mann and Lévy [266]. Several works have been done considering
this as a low-energy effective model during the last few years as it mimics the low-energy
QCD region. Recent attempts have extended the LSM by including quarks [224, 267] and
vector mesons in this model [268]. Chiral phase transition [269], pion condensate [270]
and neutral pion mass [224] in the presence of the external magnetic field and so on have
been studied using the LSM. In Refs. [271, 272] the authors have calculated the transport
coefficients of hadronic matter at finite temperature using the LSM. The results show that
the shear viscosity to entropy density ratio (17/s) has a minimum at the crossover tem-
perature. In contrast, the bulk viscosity to entropy density ratio (£/s) has a maximum at

the crossover temperature. As a first attempt, we study the viscous shear coefficient of
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hadronic matter in a magnetic field for zero chemical potential in this present work. There
are five shear-viscous coefficients in a nonzero magnetic field, and we have studied all the
coefficients. In the presence of a magnetic field, the relaxation times are estimated through
the S-matrix approach. In these calculations, we would get the expressions of the matrix
elements in terms of the Landau level summation. Our study considers only the lowest
Landau level (LLL) contribution.

The chapter is arranged as follows: In Sec. 8.2 we review the formalism for the estima-
tion of the shear viscosity coefficients in the presence of the external magnetic field within
relaxation time approximation. In Sec. 8.3 we discuss the basics of the linear sigma model
(LSM) and the thermodynamic quantities that are used in the calculations. We have cal-
culated the scattering amplitude and interaction rate in the presence of the magnetic field
In subsection 8.3.2. Expressions for the interaction rate in the pure thermal medium are
also discussed here. Incorporating the interaction rate, we finally obtain the anisotropic
shear viscous coefficients, and presented is the result Sec. 8.4. Finally, we summarize in

section 8.5.

8.2 Anisotropic Viscosity coefficients in non zero magnetic

field

We will study the transport properties of a hadronic medium in the presence of a mag-
netic field. Transport coefficients can be calculated using two popular approaches: kinetic
theory [273] and Kubo framework [274-276]. Here we follow the former approach and
briefly discuss this formalism in the relaxation approximation (RTA) technique [277, 278].

In a magnetic field, the transport coefficients for the charged particles become anisotropic,
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whereas the neutral particles contribute to the isotropic coefficients only.

In a magnetic field, the Boltzmann equation for single hadron species is written as

0f.
" v -
POufa+aF" b 500 = Clfl, (8.1)
where F'*” is the electromagnetic field tensor. In absence of electric field, F'*¥ = — B b*”

where 0" = P, uz with fluid four velocity u#. The unit vector b* is defined as b* =

%. C'[f.] is known as the collision integral, p* is the four momenta of the particle and ¢ is

the electric charge of the particle.

In relaxation time approximation (RTA), the Boltzmann equation 8.1 is given by

0fa

@;ﬂ=—wJU:m5ﬁu (8.2)

POufa+ aFuwpy
where w, is frequency of interaction defined as the inverse of the equilibration time i.e.

wo(E) = 7. 1(E). (8.3)

Assuming that the system is meagerly out of equilibrium, we can write the distribution

function as,

fa(,p) = f2 (14 @ulz,p)) = f2 + 5 fa. (8.4)

For a small deviation from equilibrium, we can write the Boltzmann equation as

u - Bty O
P[0 = (__p> (1 _ 4PTay, puapy) 8 fa, (8.5)

Ta u-p
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where [0 = exp (—u,p®/T) is equilibrium distribution function. Now, in general, the

energy-momentum tensor is written as

T = Ty + AT™, (8.6)

where T{" represents the energy-momentum tensor in local equilibrium and AT*” is the

deviation from the equilibrium. 7" is given as

d*p php \¢B| [ dps pipL,
THY al’a ; =0 3 Palta o 87
;/(27)3 E, J +2a: 27 21 E, J ®.7)

where the sum is over uncharged and charged particles in the first and second term respec-

tively. In the second term phase factor is modified in presence of strong magnetic field.
For shear viscosity, in presence of magnetic field we can express 0 f, in terms of fourth

rank projection tensors as

2
6fa = Z cmCIST;Bp“p”Vaﬁ, (8.8)

m=—2

where Vo = %(8auﬂ + 0%u®). There are five complex coefficients c,.

Shear viscous tensor (7+") is given as
T = By, (8.9)

where the general form of 1***# in presence of the magnetic field could be expressed with

the fourth rank projection tensors as
2

=3 emgmmy (8.10)

m=—2
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Here we introduce three second-rank projection tensors given as

PO = bub,, 8.11)
PO = LA, bbb 8.12
% 2( o = by + ibyy), (8.12)

1
POV = (B = buby — i), (8.13)

where A" = g — y*u”. Fourth-rank tensor defined in eq. (8.10) can be written in terms

of two second-rank tensors as [279, 280]

95:;5 = Z Z p{mp, 25(m, my + ms). (8.14)

mi=—1mo=-—1

In terms of real coefficients eq. (8.9) can be written as

— S0 (=m)
Npvap = ‘gz<,u1/>o¢,8 + Z { ( <uu>o¢,8 + ‘@<,u1/>a5>

+ («%WW %}Tiaﬁ) } (8.15)
where 2" p /U’>04 5 = /wa ﬁ + @VW - The coefficients ¢™* and ¢™~ are real and imagi-

nary parts of coefficients ¢™. Three coefficients ¢, ¢!* and ¢®>* are even functions of the
magnetic field whereas other two coefficients ¢!~ and ¢?~ are odd functions of magnetic
field. The shear viscosity obeys the condition 7***'*'(B*) = ¥V (— B®), the symmetry

principle for transport coefficients.
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Now we can represent eq. (8.8) with real coefficients i.e.

(0 m
5fa = |: 0‘@<;u>aﬁ Z { ( <,u1/>a5 + ‘@iw/iaﬂ)

+ <L@£’ZV>O£B ‘@i;;/r;aﬂ) }:|pupl/vo¢,8' (816)

In integral form we can write the shear viscous tensor as

Z Z/ p p4 Oy (8.17)

a m=-—2

The left-hand side of the eq. (8.5) has been written in terms of the projection operators as

fO
2T

vy/Q (0)
php Vs [@WW + P s PN s+ P+ 2D Ll (8.18)

Substituting ¢ f,, on the right hand side of eq (8.5), we get

2
w-p 9Bty ., O o R
B Ta (1_ u-pb py@p“) Z ¢ “uwap PP e (8.19)

m=—2

Equating eq. (8.18) and eq. (8.19) after writing the fourth rank tensors in terms of second

tensors , we get (see Refs. [277, 279, 281])

P 1 7
2T (u-p)’
1 u-p
4 o L 0
¢ 2T (u - p)? + (qBTa)Qf To
1 u-p
24 _ b 0
‘ 2T (u-p)* + (2qBTa)2f B
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A = i 9B 0.2
2T (u-p)* + (¢B1a)?"
1 B
2 = q £or2. (8.20)

T (u-p)* + (2¢Br,)?

Employing eq. (8.17) we can find the shear viscosity coefficients as

&’p_[pl* o d*p \p\
me= 152/ on)? E, 15TZ/ 27r3E2 @ ®.21)

B d’p_[p[* 1 \p|4f0
= Z/ mp E, 15T Z/ (qBry &

d3p Ipl4 |p|4fOT
'o= = e 8.23
L Z/ 273 B, 15T Z/ + (2¢B7,)% (8.2

&p |p* d3p Ipl4 qB 72
= = a 8.24
T Z/ 2m)8 B, 15TZ/ 27 By (u-p)? + (qBr)2 &2
d3p Ipl4 d’p Ipl4 qB 7]
s _ ©___(8.25
G Z/ " 15T Z/ 27 By (0 p)? + (2B e

In the presence of a nonzero magnetic field, the shear stress tensor is written using the
available basis (as discussed in this section), having a component parallel to the magnetic
field. The subscript || denotes this parallel component. The subscripts 1 and x are the
perpendicular and Hall components. In the absence of a magnetic field, the Hall component

is zero, whereas the perpendicular component becomes the same as the parallel component.

From eq. (D.14), the solution of eq. (D.1) for charged particles looks like ~ e~ ¥z x
Expl—eB/2(x—2£)]H, (x— ££). To find out the density of state we consider box of length

[L1, Ly, L3] and infinite volume limit would be taken at the end. p, takes the discrete

2mn_
eBLg :

2mn

values i.e. p, = < with integers n. The particle is localized in z ~ p, /eB =

As x lies in interval [0, L], we can write 0 < n < LéLQ eB. So the number of states
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in transverse area is —Léfr? eB. Now the number of states per unit volume in Ap, interval
1 L1L2L3 Apz _ Apz . .
becomes ~ ;=52 eBSE = eB 555, Using this argument, for the case of the charged
™ 2 (2m)

particles we use the phase space [282] as

d’p |eB]|
/ o / dp.. (8.26)

For the neutral particle, the Hall components of the viscosity coefficients are zero, and the

perpendicular components are equal to the parallel parts.

In the presence of a finite magnetic field, the momentum of the charged particles be-
comes anisotropic. The energy dispersion relation of the charged scalar particle of charge

q gets modified as

.= \/p} + @0+ DIgB| +m?, (8.27)

where p, is the momentum of the particle parallel to the direction of the magnetic field, and
m is the mass of that particle. Here n = 0, 1, 2, 3... denotes the Landau levels. In our case,
we consider the magnetic field to be in the z-direction. We also work in a strong magnetic
field limit, i.e., the magnetic field is much greater than the temperature square scale. In this
approximation, we can safely consider the confinement of charged particles in the lowest

Landau level (LLL), and the energy dispersion in LLL is given as

E = \/p§+m2+\qB\. (8.28)

Here, we define the notation p* = (E, p*). For the charged pions equilibrium distribution
takes the form as f0 = exp (—u,p®/T). Now, the uncharged particles are not affected

by the magnetic field, therefore the distribution is given by f0 = exp (—u,p®/T'), where
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p" = (E,p) withw = y/p? + m?2.

8.3 Linear Sigma Model

The LSM model is a simplistic effective model of pions. Here we use it to calculate trans-
port coefficients. In general, the LSM Lagrangian consists of /V bosonic fields. For N = 4,
it represents the theory of three pions (7;) and one sigma (o) fields. The LSM Lagrangian

density [271, 283] for N =4 is
(9,m)* — V(o,m), (8.29)
where the potential term

Vo, m) = %(02 +7? — 5% - Ho. (8.30)

Here Ho is the explicit chiral symmetry breaking term that gives the pion mass. The scalar
field o takes the vacuum expectation value v as 0 = v + A, where A is the fluctuation and

v is determined by the symmetry breaking term as
(v — f%) = H. (8.31)

Other parameters A\, H and f are expressed in terms of pion decay constant f,, pion masses

(m,) and sigma masses (m,) i.e.

2 2

P m an7
212

H = fwmgw
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2 2
o My — 3m:
= f: — (8.32)

_ 2
mg mx

For calculation we are taking vacuum pion mass m, = 140 MeV, vacuum ¢ masses m, =

{500,700} MeV and decay constant f, = 93 MeV.

We would continue our calculations in the isospin pion basis representing the physical

pions. The physical pions can be expressed in terms of Cartesian pion fields as,

70 = s, (8.33)

1
= —(m £im). (8.34)

V2

In physical pion basis interaction Lagrangian can be written as

| >

Ling = = (04 + (7)* + (7O + (7)) + 2(7)? (nh)?
oo 4 2P 4 2wt + 2n Vo 4 2 o

+ 4vo(7)? + 4vo(7)? + dvo(n7): + 41}0?’). (8.35)

From the above interaction Lagrangian, one can find the probable interactions between the

mesons.

As we are considering a magnetic field in z-direction, the magnetic field B = BZ.
The covariant four-derivative D, = 0, + Q) A, replaces the four-derivative 0, in the kinetic

terms of the Lagrangian for the charged pions. Here, ) = e for 7+ and A* = {0,0, 2B, 0}.
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8.3.1 Thermodynamics

The temperature dependence of the effective masses of pions and the condensate v is rigor-
ously discussed in Refs. [284—286]. There is a significant difference between meson masses
at low temperature, i.e., chiral symmetry is broken, and symmetry is restored at around 245
MeV. We are also considering only temperature dependence on effective masses in our

case.

2.0

20 ————————
eB=0 — m, = 500 MeV
---eB= IOTnfr

eB=0
- eB:lOmfr

— m, = 500 MeV

— m, = 700 MeV

— m, = 700 MeV

Figure 8.1: Energy density (left) and entropy density (right) as functions of temperature
for three different vacuum sigma masses in presence(dashed line) and absence(solid line)
of the magnetic field.

In a strong magnetic field, energy density, entropy density, pressure, and other thermody-
namics quantities depend on both temperature and magnetic field effect. The phase factors

and energy dispersion is modified for the charged particles. So energy density becomes

leB| [* dp, 0
S| RS ED. 636

€ = Z /(;lTp;?)Eafo(Ea/T)_'_

a=ao,mY a=n+

where E, = \/p? + m2, Exo = /p* +m2| and E,,. = /p2 + m2 + |eB|. Here m(T)

is considered as temperature dependent effective mass which comes from the mean field.
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Similarly, the pressure P and the entropy density s can be written as

a=ao,mY a=Tm

and

d p
Sp — 3T2 ‘ fo E /T)
1 |eB| dpz P20
— — E,/T). .

In Fig. 8.1 energy density € scaled with 7 and entropy density s scaled with 7 are plotted
for m, = 500 MeV and 700 MeV respectively. The dashed lines represent the values of
the corresponding thermodynamic quantities in the presence of the magnetic field. In the

presence of a magnetic field, both the energy and entropy density decrease.

8.3.2 Scattering amplitudes and interaction frequency

Thermal case

Here we present the interaction frequency for pure thermal medium. For the pure thermal

medium, the matrix elements are [271]

1 1 1
— 2.2
Myi(oo|loo) = —6A—36A"v (s—mg +t—m§ +u—m§)’
a_b| _c _d 5_m72r t_mgr u_mzr
Mp(rm’|r°n?) = =27 5 0abOcd + 5 0acObd + 5 0adlch |,
s —mj t—m; u—ms
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3 1 1
_ 2, 2
Myi(nmloo) = —2X—4X\v (S_mg—i-t_mg-l—u_mg),
1 1 1
_ 2, 2
Myi(nolre) = —2X—4X\v (s—mg + = m? + u—mg) (8.39)

The poles in the s and u channels cause issues in the scattering amplitudes, resulting in di-
vergent integrals. The divergence can be cured by introducing the thermal width of mesons
violating the crossing symmetries. These terms come from the three-point vertices, and
we have excluded them in the equation of state. So we are avoiding those terms taking the
infinity limits of s, ¢, and u. Finally, we are left with the constant scattering amplitudes,

and those are given as,

Mi(ooloo) = —6), (8.40)
Mpi(rm%7r) = —6A, {a=0,+,—} (8.41)
Mp(rrr|ntr™) = =2, (8.42)

M;i(r°7°o0) = —2), (8.43)
Myi(ro|n®s) = —2X {a=0,+,—} (8.44)
Myi(n 70 7Pr) = =2\ {b=+,-}. (8.45)

For a + b — ¢+ d type interaction, interaction frequency w, = 1/7, is written as [287]

1 EpydPp.d®pg | M (ab — cd)|?
“(E, = 7YE,) = :
(o) = 7 () %1+6ab / 2r)5  16E.E,E.Eq
X 0 (pa+ o —pe —pa) I3 (8.46)

In the centre of mass frame, the interaction frequency can be written in simplified form

from eq. (8.46) as
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a

where

1 1 00
dE E2 — m2
2567T3Ea%;1+(5ab / bV e T T

mp

[t ) IME ) 8.47)
. pab\/g max min b)s .

1
p(zb<5) - 2_\/5 )‘(SamgvmgL (848)

with the kinematic function \(z,y, z) = 22 +y? + 22 — 2(zy + yz + 2x). Other quantities

are defined as

tmax,min

+

m?2 +m? PaPb
2F,Fp 1 a b _ 1 , 8.49
”< 2F,E, Eabe) (849)
1
mZ +mZ — 2—$(s+m?1 —mp)(s+m2 —mj3)
1
% (s, m2,m2)\(s, m2,m?2) (8.50)
s

In the presence of magnetic field

A finite magnetic field would affect the scattering amplitudes containing charged pions

as the charged pions interact with the magnetic field. In this section, we calculate the

magnetic field-affected interaction rates. Here we also consider the four-point interactions.

Starting from the S-matrix elements, we end up with the interaction rates of corresponding

processes. The calculations of the matrix elements involve the Klein-Gordon solutions of

the charged scalar particles in the presence of the magnetic field. The solutions to the

Klein-Gordon equation are discussed in Appendix D. As we are confining ourselves in

the strong magnetic field case, we have obtained the interaction rates only for the lowest
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Landau level.

The S-matrix element for 7°(pz, m) + 7°(kz, n) — 7°(pk, m’) + 7°(k;, n’) scattering

in presence of magnetic field is written as

Sfi = 4‘2 /d4X <7Tb(n/7k;”:)ﬂ-b(m/7 p/f)| (Trb)4 ’ﬂ-b(n7 ki)ﬂ-b(ma pi)> ) {b - +7 _}

A e~ i(P+K—P'—K')-X;
— 4= / d*X
4 V16E,E, E E! (L,L,)*

= )PP (p+k—p —F

T

fn(x7 ki)fm(xv pf)f;:’(xﬂ k%)f%’(‘% p;z)

1
) V16E,E, EE! (L,L.)*

My, (8.51)

where 5:%3) implies the J-function for all the space-time coordinates except Xx. In this
case four-momentum conservation is not appearing through the delta function as the x-
component of the momentum is not a good quantum number. The matrix element M,

from eq. (8.51) can be read as

Mfi(ﬂ-bﬂ-bhrbﬂ-b) = 4'2/(11‘.]011(3:7 ki)fm(x7 pf)f:;’(wa k?ﬁ)f;’<x7p?2)7 {b = +7 _}(852)

and similarly we can write the scattering amplitudes for 7 (k') + 7~ (p') — 7t (k) +7 (p)

as

Myi(nta|mta™) = 2 / da fu(@, ks) fm (2, P2) fr (2, K5) fr (@, p5).  (8.53)
Other scattering amplitudes affected by magnetic fields are

Myi(ntolnbo) = 2A / dre'F=K £ (0 ) o (e, D), {b=+,—} (8.54)

Mi(n*7°ntn%) = 2 / dae' K £ (2, Kz) fr (2, P5). {b=+,-} (8.55)
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As we are considering strong magnetic field, we restrict ourselves to the lowest Landau
levels. For 7t (k,) + 7t (ky) — 7t (ke) + 7t (kg) and 7= (ko) + 7 (ky) — 7 (ko) + 7 (ka)

scatterings, the interaction frequencies of “7®(b = 4-)" for these processes are given by

(2m)36 (ko + by — ko — k)

1/dk‘zdk‘2 dkSdkS dkldk?
2/ (2n)2 (2m)? (2m)?
1

y + + |+ +)\|2 feq 8.56
X 16EaEbECEd‘Mf (7T ™ ’ﬂ- ™ )l fb 9 ( )

with

P2 = (6A)2NS—L

o {_ (k; + kD kS + kD)2 — A(K0)? — 4(kh)? — 4(kS)? — A(kd)? } |

4|eB|
(8.57)

: . b c d
After integration over k:y, k:y, k:y we get,

1 72 (27)?
b 212778
= 26 -
! 2 072 16(2m)S
1

x 8(E,+ Ey— E, — Eg)6(k% + k2 — k¢ — k?)mﬁfq

/ kb dke di?

1 ,\?|eB* =2 b
_ 1A Akt dk¢ (B, + By — E, — E
303 2 (27r)3/ - Ak 0(Ee + By 2

1 eq
E,EyE.\/m? + (k* + kb — c)2+|eB|f”

, A2 eB]? S AN
= dkbdke | = — =
26 32 (27)3 / z (E Eb)

S(kS — ko) + 6(kS — kb) v
EyEyEo/m? + (k& + k2 — k9)% + |eB] "

)\2 ’63’2 b 2 k? klz) - eq
- 26 ) / & g (f_fb) < (8.58)
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Here we have used the identity
ol — x;
dg(x)] =) Oz~ z) (8.59)
where z; are the roots of g(z).

Similarly, for 7% (k,) + 7 (k) — 7" (k.) + 7 (kq) type scattering the interaction

frequencies of “7°(b = +)" are given by,

A2 B2 [ 2 (ke K\
b 2 b z z eq
= 222 dk £ _ = : 8.60
2 32 (27)3 /_Oo * EB2E? <E Eb) b (8.60)

Now we are considering the other scatterings 7°(p) + o (k) — 7°(p’) + o(k’) and ©°(p) +
70(k) — 7°(p') + 7n°(k’) with {b = +, —}. In these cases interaction frequency of 7°

particle is

) = / Bk BE By )38 (p+k—p — k)
(

|2 fea( B
Ws 27‘()3 (27T)3 (27T)2 16Ek‘EpEp/Ek;/ |Mfz| / ( Ic)7
(8.61)
with
o 2+(l€ _k/)Z
12— o2 NA T _(py Py) xRy 2
|Mf2| ( >\) 0 ‘BB‘ eXp 2’63’ (86 )

After integration over p; and k. we get,

3 ) 2
wh = (202N - / o d kv, e_%
16leB| ) (27)° E,E Ey\/k2 + (p, + k. — p.)?

X O(E, + /K + (0, + K, — pa)? — By — waeq(\/ K+ (0L + K — pzf)
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oleBl m a3k d*k, dp!,
7w 16leB)| (2m)> E,E Ey \/ki + (p, + k., — p.)?
_ (k)3
X 2|Ey + Ep — Epjle” 2Bl f \/ki + (pL + kL — p.)?

x 0(k1 — (Ey + Ep — E)* + (P, + K. — p.)?). (8.63)

- @

We perform the integration numerically after completing the &, integration using the delta

function.

Next, we are calculating the interaction rate of the neutral scalar particles o and 7°
from 7 (p) + o (k) — 7°(p') + o(k') and w°(p) + 70 (k) — 7°(p') + n°(k’) scatterings with
{b = +,—}. For these types of interactions, we can write the expression of interaction

frequencies of ¥ and o as

") = 1 / BE dp &y 2n)3P(P+ K - P - K')
i T L, ) @np(2n? (202 16E,E, B,y Ey
X Mgl feEB,), (8.64)

where the matrix element is same as in Eq. (8.57). After integration over p; and k’ we get,

wi™ = (202N} il / d°k) dpydp- dp’
16|eB| ) (27)'Ls B, ELEy\/kK? + (p. + kz — )2

(k—k')2

X O(Ey+ e — \JK2 4 (pe + ke — pL)2 — By)e™ 770 f9(E,). (8.65)

We have performed the integration numerically after using the delta function. Here we

have used [ dp, = |eB|L,.

Associated scattering processes to calculate 7 relaxation time i.e. 7+ are
at+ 71 =71t + 7% (a=+,—,0),
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T +o =1t +o0. (8.66)

Total interaction frequency for 7+ is obtained as w™ = wf +wy ! +wi ", The equilibration
time 7,.+ is given by 7+ = 1/ w™" . For the only scalar interaction (for example: co — o0)
we considered the expression of interaction rate from equation (8.47). In the similar fashion
we can calculate the interaction frequencies for other particles. Incorporating the estimated

relaxation times in eq. (8.22)-eq. (8.25), we can obtain the viscosity coefficients.

8.4 Results
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Figure 8.2: The ratio of shear viscosity to entropy density as a function of temperature
for vacuum sigma masses m, = 500MeV(left) and 700 MeV(right). In both the plots
blue lines indicate the pure thermal case whereas the other lines represent the parallel
components of shear viscosity coefficients to entropy ratio for 5m? (red line), 10m?2 (green
line), 15m?2 (black line).

We have summarized our results for the anisotropic components of the shear viscosity
coefficients in the relaxation time approximation for the nonzero magnetic field. We then

briefly discussed the linear sigma model and its thermodynamics. The temperature and
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magnetic field-dependent nature of the thermodynamic quantities like s/7° and ¢/T? are
plotted and discussed.

We have revisited the solution of the Klein-Gordon (KG) equation in the presence of
a background magnetic field described by a particular vector potential. The quantized
nature of the transverse motion of the charged particles emerges to change the particles’
energy. The solutions of the KG equation are dependent on the Landau levels. Quantizing
the theory, we have calculated the matrix elements using the field operators to obtain the
interaction rates. The temperature and magnetic field-dependent interaction rates are incor-
porated into the thermal relaxation times. In our present study, we have done our evaluation
for a strong magnetic field by considering only the lowest Landau level contributions. In
Fig. 8.2 we have compared the pure thermal (B = 0 case) isotropic viscous coefficient with
parallel component of shear viscosity of the thermo-magnetic medium for vacuum sigma
masses m, = 500 MeV and 700 MeV. The viscous coefficients are scaled with the entropy
density. Only temperature-dependent entropy is considered for the thermal case, whereas
temperature (7') and magnetic field (B) dependent entropy is taken for the magnetic case.
The plots are shown for three magnetic field strengths, i.e., 5m? (Redline), 10m? (Green
line), and 15m?2 (Blackline). There is a minimum at crossover temperature of 245 MeV for
both thermal and magnetic cases. We can also observe that shear viscosity is reduced in

the presence of the magnetic field.

Now we will explore the other shear viscous coefficients. LSM has both charged and neu-
tral hadrons. So we studied the perpendicular components for charged and neutral particles
differently. As mentioned earlier, neutral particles have a single viscous coefficient, which
only contributes to the isotropic shear viscosity. In Fig. 8.3, the solid black line indicates

the variation of the scaled isotropic shear viscous coefficient with temperature. The blue
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Figure 8.3: Ratio of parallel 7 and perpendicular 77, shear viscosity components to entropy
as a function of temperature (7°) for vacuum sigma mass m, = 500 MeV (left) and m, =
700 MeV (right). Magnetic field strength is taken as 15m?.

dotted line represents the perpendicular component of shear viscosity for the charged par-
ticles, whereas the brown dot-dashed line shows the parallel component. The dashed line
(magenta) shows the isotropic contribution to the viscous coefficients coming from neutral
particles is shown by the dashed line (magenta). Total parallel (solid red) and perpendicu-
lar (solid blue) shear viscous coefficients are also plotted to compare with the pure thermal
case. The plots are shown for vacuum sigma mass of 500 MeV (left figure) and 700 (right
figure) MeV. It is observed from the figure that the anisotropic viscous coefficients for the
charged particles are quite lower than the neutral hadrons. Note that for m, = 500 MeV,
total(parallel), total (perpendicular), and neutral hadron contributions coincide as the con-
tribution from the charged hadrons is very small for this case. It is also noted that the
Hall type shear viscosity is zero for vanishing baryon chemical potential even in a finite

magnetic field.
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8.5 Summary

In the presence of the magnetic field, the charged particles get affected, and the system
becomes anisotropic. Therefore, the transport coefficients become anisotropic. This work
calculates the shear viscosity of hadronic matter in a strong magnetic field and vanishing
chemical potential. We have calculated the parallel and perpendicular components of share
viscosity in the relaxation time approximation. We have observed that the shear viscosity
to entropy ratio for the neutral hadrons gets modified in the presence of a strong magnetic
field because of their interaction with the charged particles. In addition, the shear viscosity
for charged hadrons is modified in the thermomagnetic medium. We have observed that the
contributions to the total shear viscosity to entropy ratio are more dominant for the charged
neutral hadrons than the charged hadrons.

The present investigation is limited to the lowest Landau level (LLL) approximation,
and it is valid for a very high value of the magnetic field. To study the effect of the magnetic
field on the hadronic transport coefficients at a small to moderate strength of the magnetic
field, one should include higher Landau levels. Such calculations are in progress and will

be presented elsewhere.
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CONCLUSIONS

The question of modern physics about basic building blocks of the universe has driven the
scientists to the particle collision experiments at high energies. The efforts from theorists
and experimentalists have led to the recent discovery of Higgs boson, W, Z bosons, quark-
gluon plasma and so on. In heavy ion colliders at RHIC and LHC new state of extreme
matter i.e. quark-gluon plasma (QGP) is produced. Future experiments at NICA and FAIR
are planned to explore the dense matter properties. The dynamics of quark-gluon plasma
is governed by the non-abelian quantum field theory of quarks and gluons i.e. Quantum
Chromodynamics (QCD). It has two important features: 1) the feeble interaction of quarks
and gluons at high energy and ii) the confinement in which the interaction strength becomes
strong at low energy. The transition between deconfined and confined phases occur at
temperature about 160 MeV. One of the main goal of the collider experiments is to unravel
the characteristics of QCD phase diagram. Various theoretical tools such as nonperturbative
lattice QCD simulation, effective hydrodynamic modeling, perturbative hard thermal loop

calculations as well as AdS/CFT inspired studies have made remarkable achievement in
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understanding of the experimental data available from the heavy ion colliders.

In this thesis we have explored various characteristics of anisotropic medium. Broadly
two types of anisotropies created in HIC are discussed here: 1) anisotropic momentum dis-
tribution of partons due to the rapid expansion of the medium, ii) magnetic field produced
in the noncentral HICs. Partons propagating through the heat bath acquire thermal masses.
Unlike vacuum case, gluons have two dispersive modes. In presence of the anisotropies in
medium, gluons dispersive modes are modified. In Chapter 3 we have constructed covari-
ant structure of gluon effective propagator in presence of two anisotropy directions. In a
thermal QCD medium, anisotropies are characterized by two independent four vectors a*
and 0" having unit norms. The presence of temperature introduces the four vector u* i.e.
heat bath velocity. We have also gluon momentum P*. These are used to form a set of
ten independent symmetric tensors so that the symmetric gluon polarization tensor can be
expressed as a linear combination of them. Using the transversality condition P*II,, = 0,
we have obtained the general structure for the gauge boson self-energy for two anisotropy
directions which can be written as a linear combination of six basis tensors [288]. Further
the effective propagator has been calculated from the Dyson-Schwinger equation. From
the pole of the propagator collective modes are obtained.

The deconfined quark-gluon plasma (QGP) matter produced in the ultra-relativistic
heavy ion collision experiments is likely to possess substantial deviation from perfect lo-
cal isotropic equilibrium. At early times after nuclear impact large pressure anisotropy is
expected in the center of the fireball. Incorporating such large momentum space anisotropy,
aHydro i.e, anisotropic hydrodynamics [34] is developed. With certain classes of anisotropic
momentum distributions, the non-equilibrium plasma properties can be described by study-
ing the collective modes of the quasipartons in the framework of hard thermal loop pertur-

bation theory. Due to the presence of non-equilibrium momentum distributions in QGP
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medium, existence of kinetic instabilities is expected. These are, in simple terms, the col-
lective modes that possess a positive imaginary part in their mode frequencies resulting
an exponential growth in the chromomagnetic and chromoelectric fields. The presence
of such Chromo-Weibel instabilities can influence the thermalization and isotropization of
the medium. In Chapter 4, introducing the mass scales corresponding to the collective
modes, the occurrence of the unstable modes has been studied for ellipsoidal momentum
space anisotropy. The collective modes are obtained from the gauge-boson propagator con-
structed in Chapter 3. The advantage of considering the general structure of the gauge bo-
son is that the collective modes can be expressed in terms of co-ordinate independent form
factors. It is observed that, compared to the spheroidal case, additional unstable mode may

appear in presence of ellipsoidal anisotropy depending upon the choice of the parameters.

Another source of anisotropy discussed in this thesis is the magnetic field produced in
the direction perpendicular to the reaction plane in non-central heavy ion collisions. We
have studied the effect of magnetic field on various quantities like chiral susceptibility,
damping rate and so on. In presence of temperature and background magnetic field, the
boost and rotational symmetries of the system are broken. In presence of background mag-
netic field the general structure of gauge-boson self-energy is modified [199]. The presence
of magnetic field introduces new four vector n” = %uuﬁ“”, where B is the magnetic field
strength and F is the dual of the electromagnetic filed tensor. We use the gauge-boson
effective propagator structure obtained in Chapter 3. As mentioned earlier, magnetic field
produced in heavy ion collisions decreases with time. The QCD matter cools down after
the collision and the chiral phase transition occurred at a temperature around 160 MeV. In
this region the effect of a weak magnetic field is particularly important. In presence of weak
magnetic field, we have calculated photon damping rate in Chapter 5 and chiral suscepti-

bility in Chapter 6 in the QED/QCD medium using the HTL approximation. In presence
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of magnetic filed and heat bath, the general structure of fermion self-energy is modified
and can be written in terms of 16 linearly independent matrices: {~v*,~°,y°v*, o I}.
In Chapter 6 we have computed the structure functions upto O[(eB)?] considering the
Schwinger propagator for massive fermion in presence of weak magnetic field. In the

weak magnetic field limit, we have used the scale hierarchy +/|¢;B| < g7 < T.

Magnetized plasma is found in the interiors of neutron stars, magnetospheres of magne-
tars and central engines of supernovae and gamma ray bursts. The propagation of photon
through the hot magnetized electron-positron plasma (EPP) is of great interest of study.
High intensity laser beams are used to create ultrarelativistic EPP of temperature around
10 MeV. This EPP can play major role in various astrophysical situations. Some properties
of EPP, such as damping rate, transport coefficients, the equation of state and so on are stud-
ied using QED at finite temperature. Also the damping rates of hard particles have much
interest in heavy ion collisions. For example, damping rate of photon is associated with the
mean free path and hard photon production rate of QGP. As photon interacts electromag-
netically, it comes out of the hot QCD medium without interacting much. So the photon
can be considered as a good probe of the QGP medium. Damping rate of photon is related
to the imaginary part of the photon dispersion. This is also connected with the scattering
cross-section processes which can be found by cutting the self-energy diagram. In lowest
order coupling constant, photons are damped by Compton scattering and pair creation pro-
cess. In a relativistic hot magnetized QED medium we consider hard photon of momentum
P* = (po, p) where p = |p| > T. To find the soft contribution of the damping rate we
introduce a separation scale A where ¢I' < A < T (g7 < A < T in case of QCD).
In case of low momentum transfer, the damping rate shows infrared singularity. So, the
effective resummed propagator instead of bare propagator for soft momentum of fermion

is considered. We will call this as the soft contribution to the damping rate of photon. The
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hard contribution refers to the case where all the fermions in loop have momentum order of
or much greater than the system temperature 7. We have calculated the soft contribution
of the photon damping rate in weakly magnetized QED medium in Chapter 5. Extension
to the case of damping rate of hard photon in weakly magnetized hot QCD medium is
straightforward by considering the fermion loops as quark and antiquark. In presence of
magnetic field we get one longitudinal and two non-degenerate transverse modes. We have
calculated damping rate for two transverse modes of photon. We use the effective fermion
propagator in presence of weak magnetic field for the soft fermion and Schwinger propa-
gator for the hard fermion in the loop. The Braaten-Pisarki-Yuan formalism has been used
here to calculate the imaginary part of photon self-energy. We have obtained the result upto
Ol(eB)?).

Confinement and chiral symmetry breaking are the two nonperturbative features of
QCD vacuum. Dynamical chiral symmetry breaking indicates the nonperturbative nature
of QCD vacuum at vanishing temperature and/or density. The QCD vacuum undergoes a
transition from chiral asymmetric to chiral symmetric phase with the increase in temper-
ature and /or density. The transition is characterized by the order parameter of the chiral
phase transition i.e. quark-antiquark scalar condensate. At first order transition, order
parameter changes discontinuously near the transition point whereas at the second order
phase transition or crossover, it varies smoothly. The fluctuation of this order parameter
and the associated susceptibilities are relevant to investigate the properties of QCD mat-
ter at extreme condition. Chiral susceptibility is the measure of fluctuation of the order
parameter. It estimates the response of the chiral condensate with the variation of current
quark mass. We have calculated the chairal susceptibility in weakly magnetized hot QCD
medium using HTL approximation in Chapter 6. We expand the result in orders of strong

coupling g and keep it upto O(g). We get the completely analytical result upto O[(eB)?].
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Chapter 9. Conclusions

UV divergences appeared in the chiral susceptibility are renormalized within the MS renor-
malization scheme. It is found that the chiral susceptibility is increased due to the presence
of the chemical potential as well as the background magnetic field. Photon damping rate
and chiral susceptibilities are calculated in weak field limit. Extension of these calculations

for high and moderate value of magnetic field would be a future direction of study.

The QGP state is very transient. There is no unique signal to confirm the formation of
this novel state. There are several signatures for QGP formation. Quarkonium suppression
is one of the signatures. Heavy quarkonium [113] i.e. bound state of heavy quark and its
anti-quark is considered as one of the important probe to study the deconfining state of the
strongly interacting QCD medium under extreme condition. Theoretically heavy quarko-
nium can be studied through potential models or lattice QCD. Recently several studies [1]
have discussed the heavy quark potential in a magnetized medium restricting themselves to
limiting cases involving strong or weak magnetic field approximations. We have calculated
the imaginary part of heavy quark potential in presence of any finite magnetic field consid-
ering all Landau level contributions using the potential models in Chapter 7. We have also
used the general structure of gluon propagator in presence of temperature and magnetic
field. Due to the presence of magnetic field, the anisotropic nature of potential in space is
also explored in our studies which was ignored in earlier works. The imaginary part of po-
tential is related to the decay width (I") of quarkonium bound states which determines the
dissociation temperature. The dependency of decay width with temperature and magnetic
field has also been estimated.

An out of equilibrium isolated system evolves towards equilibrium state with transport-
ing matter, momentum or energy. For example, viscosity is related to the momenta transfer
whereas, thermal conductivity is related to the heat transfer. The microscopic mechanism

of the momentum or energy transportation is involved with the interactions with the con-
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stituent particles of the system. The investigations of the transport phenomena motivate us
to explore about the nature of the interactions and the thermodynamic characteristic of a
system. Also, the transport coefficients are used as input parameters for the hydrodynamic
simulations. We calculate the transport coefficient of hadronic matter in the presence of
temperature and magnetic field using the linear sigma model in Chapter 8. In the relaxation
time approximation, we estimated the shear viscosity over entropy density 1/s. To estimate
the relaxation time, the point-like interaction rates of hadrons are evaluated through the S-
matrix approach considering the LLL approximation. Estimation of transport coefficients
for moderate value of magnetic field considering the higher Landau levels contributions

would be an interesting future direction.

171






I A PPENDIX A s

SPECTRAL REPRESENTATION OF THE

PROPAGATORS

significant contribution comes from

2
~
=
|\
g 8
oW
D

[}

integration , wherex ~ 0
o 1
_ f(O)e/ dr—— =7 f(0), (A1)

22 4 €2

where f(x) is a test function.

From the above equations we can write,
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Now ,
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Now we write the spectral representations for the free propagators as

W' q) = 1 lim Im ! + !
Fo ’ 27 €0 Wtietw, W Htie—wy
1
= -3 {5@/ +wy) + 0w — wq)} , (A.15)
1 1 1
o (W' q) = lim Im{ : - : }
2wy €0 wtie—w, W Htie+w,
1
= o= [5(u/ +wy) — 6w — wq)] : (A.16)
q
1 1 1
W) = lim 1 -
pr(a) 4w, P {(w’ +ie—wy)? (W +ie+ wq)Q}
1
== —E [5’(&)/ + wQ) - 5’(&/ - wq):| 9 (A.17)
q

176



P3

177

1 1 1 1
lim Im -\
Amw? >0 {(W’ + i€ + wy)? i (W +ie—wy)?  w, (w’ + i€ — w,

1
w' + 1€ + wq)}
1 1
o {5’((#' + wy) + 8’ (W — wy) — — ((5(0./ + wy) — (W' — wq)ﬂ : (A.18)
q q
1 lim T 1 + 1 N 1 1
im Im
87wy =0 (WHie+wy)? (W +ie—wy)? 2w, | (W + i€+ w,)?

(W' + z’el— wq)? H

L [ _3 (5"@/ +wy) + 8" (W — wq)> + QL (5’<w’ +w,) = 0'(w - wq))] :

8_w§ 8 Wy

(A.19)

1 1 1 1
limI —
8mw? 20 m[(w’ +ie+wy)? (W +ie—wy)3 * 2w, { (W' 4 i€ + wy)?

1 3 1 1
T o+~ —— -
(WHie—wy)?  wo\wW +ie+w, w +ie—uw,

1 3 1! / 1! / 1 ] / / /
__8w3|:_§(5 (W +Wq)_5 (w —wq)) +_2wq{5 (w +wq)—}—5(w _Wq>
Ll ((5(w/ +wy) — 0w’ — wq)> }} ) (A.20)
Wy

1 1 1 1 1
— lim Im — —
16mw3 50 [(w’ +ie+wy)t (W +ie—wy)t * Wy { (W + i€ + wy)?

1 1 1 1
(W Fie—w? 2w, ((w' et w)? (@ tie— wq)2> H A2
1 [1 (5/”(&), + wq) . 5/"((,0/ . wq)) + i{ _ 2(5”@}/ " wq)

B 16w3 6 Wy

5w — wq>) + 2%(] (5'@/ ) — 8 — wq)) H | (A22)



Chapter A. Spectral representation of the propagators

¢ (Whq) = lim Im L + ! + ! :
s\ 4) = 167wy =0 [ (W' +ie+wg)t (W +ie—wg)t 2wy (W + i€+ wg)?
4 1 10 N 10 N 1
(W Hie —wy)? 2w, \ (W +ie+wy)? (W Hie—wy)? 2w,
20 20
)
WwHietw, WHie—wy
1 |1 3

1" / 111 /_ L _ 1! /
6(5 (W4 wy) + 6" (w wq)) +2wq{ 2(5 (W' + wy)

16%l

— (W = wq)) + 5 ((5’(w' +wy) + (W —w,) — L (5(w' + wy)

Wq Wq

S 1 —wq)))} . (A.24)
The effective propagators are given as,
1 1 oD\ ! 1
i = - —_ A2
D" Dp T ( O ) ERCET) (.29
L
DY (DyD_)?
_ Z oD*\ ™ L0 [lw—w) o
B - Ow o, (W — Wi Ow D4 oy (W — Wi)
B Z aD>\ 2 1 D 18D\ 1
B - Ow o, (W —wi)? Ow? \ 3! Ow?  (w=w) |’
(A.26)

178



1 1
DS (D, D_)?

ol 1 L T I S ) | S S
L Ow o, (W —wi)? T Ow D¢ wm, (W — Wi)?

1 9% [(w—w)? 1
_I._ —

2 w? DS (W — Wi)
. D>\ 1 30°D*(19'D*\" 1
L Ow ey (W —wi)? 2 Ow? \ 4] Jwt (w—w)?

3(93D2 o 9AD8 *1+ 7 (OD*\ * +6a202 o (4D !
5\ Ow3 Ow? 12\ Ow 0w? Ow \ Ow?

X L , (A.27)
(w—w;)
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The spectral functions of the dressed propagators are given as
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where cut parts of the spectral functions are given as
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K2 <k§ (72 = 12Q2) + 1202 2, (= — 12Q2)

mi, (804 — 8 (18 + 57%) Q3

(12 + ﬁ)) 16k 2 Q0 (7 — 4Q2) (k2 + 3m3)

ko mg, (80Qy — 407°Qg + ) ) : (A.82)



Chapter A. Spectral representation of the propagators

Re(h%b) =

166 M H i, (k (55200 — 1Q3) — K (* — 12)

+ Qo (K8 (—4QE + 372 + 4) + 4md, (37 - 4Q3) )
+ Kko (2k5 (—4Q5 + 77 — 2) + my, (16Q) — 247°QF + 7))

+ k4Q0 ké (4Q3 — 371'2 + 12) —+ 16]5(2) mgh + 4m§h (37r2 . 4@3) )
b 0k (38 (o 98) 4 1268 (o 908) +
b 2, (160 -8 (1435 @+ (2 77) ) + KK

x (4@0 (kg + 12k3 m2, + 2 (6 + 572) m)
— 7% (3k§ + 36k2 mZ, + (36 + 577) md,)

_ 16mghcgg> Rk 2, (1608 — 2477 Q2 + 7Y) (K2 + 3mi2,)

+ kg m,Qo(16Qg — 40m°QF + 57r4)> : (A.83)

where M? is defined in Eq. (B.30).
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STRUCTURE FUNCTIONS

The general form of the various structure functions can be written from Eq. (6.4) as

LT - (P u)Te(Sy)
T A Pap—pr (8.1
1 —(P-u)Tr(XR) + P?Tr(Zy)
b= (P-u)2— P2 ’ (B:2)
1
d = —ZTr(u’Z%), (B.3)
d = iTr(dz%). (B4)

The structure functions in the presence of magnetic field depends on three Lorentz scalars

po = Pluy, (B.5)
b3 = P“n# = Pz, (B6)
pL = [—(P“Pﬂ)2 + (P“uu)2 — (P“nu)z}l/2 = (pf —i—pg)l/Q. (B.7)

Free quark propagator in weak magnetic field is given in Eq. (6.18). Now the one loop
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Chapter B. Structure functions

K-P

-

P K P
Figure B.1: Self-energy diagram for a quark in presence of background magnetic field. The
double line indicates the modified quark propagator in presence of weak magnetic field.

quark self-energy upto O[(q;B)?| can be written as

1

S(P) = ¢ o (S0l + 8108 + 5200 )

1K}
= Yo+ 21+ 2. (B.8)

From (B.1) structure function a can be written upto O[(¢;B)?| as

1 Tr(XoR) — (P-u)Tr(Bey) = 1Tr(3R) — (P - u)Tr(Xay)
T4 (P-u)?— P? 1 (P-u)? — P? o B9)

= ag+ag, (BlO)

where ag is purely thermal contribution (B = 0) and ap is the magnetic correction of
O|(¢sB)?] coming from X,. The O[(q;B)] corrections coming from ¥; vanish due to the

trace of odd number of gamma matrices.

Similarly structure function b can be written as,

1—(P-u)Tr(XoP) + P*Tr(Zoy) 1 —(P - u)Tr(XeR) + P2Tr(Xay)
4 (P-u)?— P? 4 (P-u)?— P?

(B.11)
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The thermal part of the structure functions a and b can be calculated using the quark

self energy diagram in Fig. B.1 as [200]

m% [dQ p-k

ao(po,p) = __p;h/ﬂ—ﬁ.f(’ (B.13)
m?2 dQ (P -u)(p- k) — p?

bo(po.p) = 7“1/5( o H-r, (B.14)

where thermal mass is given as

20 T2
m2 = 7 S <1—|—4/:L2) (B.15)

with i = /27T and Cr = (N? — 1)/2N..
Now we derive the O[(q;B)?] corrections to the structure functions a and b. To get the

expression of ag and b we need to perform the following sum-integrations.

k2 k
Tr(ny) - 1692CF(QfB)2T I (K2 _%%4 Q2
1K}

16 E2dkdQ 03 k2
= _92OF<QfB)2/ [—4 =

6 (2m)3 O(m3)3 \/m
X (nF(w/k‘Q%—mfc)—|—nB(@/k2+m?))} X (p ! ‘]%+p0+1p'A)

0o — P k
2 2 3 7.2
g CF(QfB> 0 / ki
= r h df -
63712 (5) 8<y2)3 5(y> + fS(y) P.K
20T (qB)? [ dQ) k2
_ 9CrTleB) / a kL (B.16)
87rmf i p. K
where we have used well-known functions
1 *  dxz” 5 5
fnr(y) = (Va2 +y?) (B.17)

n
Tn+1)Jo a2+
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Chapter B. Structure functions

and

1 > d
T (y) = T s (VE ),

n—l—l 1/$2+y

which satisfy the recursion relations [202],

afnJrl _ fnfl
oy? 2n

athrl - hnfl
o2 on

Expressions for f;(y) and hy(y) are given as

o 1 Y
fily) = @+§IH<E>+ :
1

where X(z) is defined in Eq. (B.48).

Now we compute the following trace as
TI'(EQ]?) = Xl —|—X2—|—X3+X4,

where

k (p-k)

_ 2 2

Xy = —169°Cr(qsB) I(KQ—m?)B’QZ
{K}

~

EdkdQ 02 k(p.k
= _892CF(QfB)2/ (27’(’)3 m |: ( )
7) 4q,/k?+ mf

>

x (/2 +m3) + (3 /2 -+ m3) ]x (p

po—p'l%

(B.18)

(B.19)

(B.20)

(B.21)

(B.22)
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_ gy B) 0 {hl(y)Jrfl(y)} /de-l%

8m3T?  Oy? P.K
_ 92CFT((JfB)2/dQ p-k (B.23)
a 8mm irp. K '
By performing similar calculations we get,
k /;73 p3
Xy = 16920F(qu)2 I (KQ _ m2)3Q2
(i) !
- 8mm? 4r p. K (B.24)
3 )
ki ko po
X3 = 1692CF(%‘B)2 I (K2 — m2)4Q?
{K} d
B G*CrT(qsB)? [ dQ po k2 B.25
B 8Tm? AT p. K (B.25)
3 )
k2 k(p- k)
Xy = _1692OF<QfB)2 I (KQ — m2)4Q2
{K} d
_ PCT(4B)? [dQ R (p- k) 5o
T 8mmd ir P K (8:20)
j )
So we obtain the expression of ap and bp as
L _ $OT(gyB) 1 / dQ 3 (p- k) — psks
B 32rm?  p2 ) dAn r. K
b — QQCFT(QfB)Ql/@ ]%3(13 ‘u)(Ps —p- /%];’3) —pffi (B.27)
b 32rm?%  p ) 4r P K ' '

Other two structure functions are given as [200]

d = —m? /@_f(n
N f | dr p. K’
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Chapter B. Structure functions

dQ K -u
d = mgff/gﬂa (B.28)

where the contribution comes only from 3J; term. The contributions from >y and 3.5 vanish

due the trace of odd number of gamma matrices.

Here we note that
megr = 49" Cp M}(T,my, qsB), (B.29)
where the thermomagnetic mass for flavor f is given as

qtB 1 'l
M3(T,my,q;B) = L IR(z) — —— = 1B (B.30)

where X(z) is defined in Eq. (B.51).

We rearrange the inverse of effective propagator in different way,

Se}fl(P) = (1+Q)E+b7/+cl")/577l+d/’yg)77f—mfﬂ

= cpovyo—dpiyi + sy +d sl —my L (B.31)
where
b b
¢ = 1+ (ap+ )+ (ag+2)=1—d) —dy,
Po Po
d = 14ag+ag, (B.32)
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with

Qo = pg (1_ p)>
2
LT
agy = —-7T,,
0 n p
12 2 2
Megr 33 3o
= 1— 1-7T,)—2+37, ],
ap 6p2 ( p2 ) ( p2 ( p) + p)
/ m/e2ff p(Q)P:%) 2 2
ag = 5 \3= T A =-T)+T+ 53T —p(1—=T) ) |,
2p5 p
2
/ P3 Mgy
c = (1 - T)a
2
2
d = ety (B.33)
Po

We expressed all the structure functions in terms of

ds?
T,o= &P (B.34)
AT py —p - k
Here we have defined
P 9*Crp(qsB)*T
327 my

with Cr = (N? — 1) /2N,. We can see that m/% and m2; diverge when current quark mass
vanishes (my — 0). It is regulated by thermal mass my, of the fermion as discussed in

Refs. [204, 259].
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Chapter B. Structure functions

B.1 Sum-integrals
The dimensionally regularized sum integrals are defined as

e'yEA2 € dd 26
Z: o ( 47 ) T Z / 27Td 26

(P} =(2n+1)7Ti+p

(B.36)

where A can be identified as the M S renormalization scale which also introduces the factor

(22 )° along with it where 7 is the Euler-Mascheroni constant.

The sum integrals are related by the following equations.

1 d_2i 1
Pt 2 4P

{r} {r}
I 1 d-4 I 1
p2 P4 - 2 pip? )
{r} {r}

B.1.1 One-loop sum integrals

We list the fermionic sum-integrals as [202, 217]

1 T [ A\

{r}

{r}

(B.37)

(B.38)

(B.39)

(B.40)

(B.41)
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B.1. Sum-integrals

{%pﬁ‘l - 3(417T)2 (%)% %+§—N(2)], (B.42)
Fa % B (271r)4 <47]:T)2€ :32(;)2 (B.43)
Z:p‘*lP? - _(271r)4 (47/:T)26 31<;2) (B.44)
{?]921134 B _(271r)4 (47/:T)26 :g]g(;z) ) (B.45)
ipfl%’ﬁ B (271r>4 (47/:T>2€ i (B.46)
{P}

Ipfla B _(271r)4 (47/:T)26 QJLE;)Q‘ (B.47)
(P

Here we list the frequently used functions in the sum-integrals

N(z) = WU(z)+¥(z%), (B.48)
1) = j—;(\p(z)Jr\If(z*)), (B.49)

where z is a general complex number, here z = 1/2—i/i. ( and ¥ denote the Riemann Zeta

function and the digamma function respectively. The digamma function can be written as

(B.50)
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Chapter B. Structure functions
We write the functional form of X(1/2 — ¢/1) and J(1/2 — ij1) for small /i below.

N(z) = —2yp—4In2+14¢(3)a? — 62¢(5)a* + 254¢(T)a® + O(i%),  (B.51)

1(z) = —4|7¢(3) — 186¢(5)? + 1905¢(7)a* — 14308¢(9)a° | + O(i®). (B.52)

B.1.2 One-loop HTL sum integrals used in the magnetic

case

We also need one-loop HTL sum integrals which involve the angular average defined earlier
in Eq. (B.34). For brevity, henceforth we will use the notation ¢ = cos # for single angular

average and ¢; = cos 6; for multiple angular averages. We list the sum integrals below:

1 d—4 1
{r} {r}
1 d—4 1
{P} {P}
2
3 d—4 2 1
{r} {r}
17 1
IPQP(Z)Pz - IPA‘PQ’ ’ (850
{r} {r}
2
Dj d—4 1
IP4P47; = <A1 - TA2>A3 Iw, (B57)
{r} {r}

(B.58)
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B.1. Sum-integrals

1 1
ngsz?;Z = A5 Ip4p2’

{P} {P}
2
P3 _ 1
IP4P47;2 = A3l Ip4p2 )
{P} {P}
2
D3 . 1
Z:pngp47;2 = A3l Z:p4p2 )
{P} {P}

(B.59)

(B.60)

(B.61)

where A’s are the various angular averages which we list below. The symbol (). in the

angular averages depicts the standard definition used in Ref. [289].

Ay

As
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c? 1 3
_ 1 B.62
(t5z) =5+ 0P B.62)
=4 — 2 1 1 3 ) 5
<m>c—4—6—1+1n2+6 —Z+E+(ln2) —2In2| + O(8B763)
1 1
= ——+1 B.64
(1=2) = —5+1+08, (B.64)
1 2e
(). = s+ Ole)?, (B.65)
1— i 1 1 3¢ 3¢ 3
<(1_02)2> 1 Z+Z_I+O[E] , (B.66)
ks BN Lloama— 22| + 0 (B.67)
G-u-& 7%, w T |
< e _d-4 +C1<—>CQ>
(cl — )1 —c})? 2 (d-a)(1—c)
1
5 [6 - 7r2] + Olel, (B.68)
< 1—2+c%  d—4 R >
— C C
(E-@a-a7 2 F-dhu-&) 7/,
1
g[2—7r2+161nQ] + Ole].
(B.69)
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Using the expressions of angular averages we obtain the results of HTL sum integrals for

magnetic case as

1

P4
{P}

1
IzﬂP“ T

2

D3
Y

=

1 A\ 3(z)
T 2n) (47TT) (1),
A\ A(2) [ o
47TT> 967" (W _6>’

(
) ( A )26 1(2) <_2+7T2_161n2>,
(

967

]
4711\T) 28§;T>2 (”2 N 6)'

(B.70)

(B.71)

(B.72)

(B.73)

(B.74)

(B.75)

(B.76)

(B.77)
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CALCULATIONS RELATED TO HEAVY

QUARK POTENTIAL

C.1 Gluon effective propagator in presence of magnetic

field

The general structure of effective gluon propagator for two anisotropic direction is formu-
lated in Chapter 3. Here we revisited it for particular one anisotropic case i.e. in presence
of magnetic field. In presence of thermal medium, the Lorentz (boost) invariance is broken,
whereas the presence of magnetic field breaks the rotational symmetry of the system. Heat
bath velocity u* = (1,0, 0,0) is introduced in presence of thermal medium. We consider
the magnetic field along z direction i.e., n, = (0,0,0,1). We define n* = A*'n,. Now

gluon self energy in the presence of thermomagnetic medium can be written as
" = bB" + cRM" 4+ dQ"" + aN"" (C.1)
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Chapter C. Calculations related to heavy quark potential

where the basis tensors are given as [199]

-
B — E%;§_7 (C2)
ntn"
Qv = — (C3)
N utn” + u’nt
 Vave
R = VM B, (C.4)

b, ¢, d and a are the corresponding form factors. The vacuum projection tensor is

prp

VY = gt — 52

(C.5)

ut is defined by projecting the vacuum projection tensor upon u* i.e. u* = Vv, and n#

is defined as n* = A*n,,. The form factors can be calculated using the following relations.

2 2

b o= by b= -2 F {H&(PHHSO(P)}, (C.6)

p2

¢ =yt = RIE,(P) + 10, (P)]

= (WP + AP) + [ (5~ 22) {ho(P) + To(P)}

x p{T(P) + T (P) b = 2pops { T, (P) + 1E(P) }. (ek)

d = dy+dy=Q" T, (P) +111,(P)]
2

- _% {{ngg(m + Hgg(P)} — Qﬁf > {Hgg(P) + H83(P)}

2,2
+ O {(P) +H80(P)}], (C8)

1
a = ag+a,= §N‘“’ [wa + HZV}

1 uU-n
_ QVE?v%?[__2 QZ {rﬁo+—rg0}-%z{r%34—rg3}}. (C.9)
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C.2. Frequency sum

where 17, and 117, are the self energy contributions from the gluon loop, ghost loop and
from the quark loop respectively. The form factors would be calculated from one loop

gluon self energy diagram.

The general structure of the gluon effective propagator using Eq. (C.1) is given as [199]

¢pnp P2 —d
P TP g —al Tl
P?2—d a
p N (Cl
T oy =l TP (P —d) = a? (C.10)

C.2 Frequency sum

We write the fermionic Matsubara sums. Here w,, = (2n + 1)7T and w,, = 2mnT are the

fermionic and bosonic Matsubara frequencies respectively.

1
T Z an H(an — iwm)2 - EqQ]

n=—oo

_ Z 1 TLF(Ek> —nF(leq) (Cll)

~ 451Equ ’iSQCUm + Ek — SlEq ’
s1,s2==+1

and

an(zwn W)
T
n; [(iwn)? — E?[(iwy, — iwim)? — Eg]

Z lnF(Ek) —np(s1E,) (C.12)
4 isowy, + By — s1E, |

s1,s2==+1

1

The fermi-Dirac distribution function is given as, nr(E) = o=y
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Chapter C. Calculations related to heavy quark potential

C.3 Definition of functions X, , and X, ,

m| p n—m 2 2 2
Xopn = —ePidf Lo (B f . forn>m (C.13)
’ n! 2
! 2 ) d2 m—n 2 2 2
= L W(“ [L "( L fﬂ , forn<m (C.14)
m!
(m+ _ I pidfv nm (PR}
Xh, o= 2 e 2 L\ =5~ ), forn=m
(C.15)
1 m—n 2d2 2d2
= 2(n—|— (p ) ( = f)LZEFl"(pZ f), for n <m
(C.16)

C.4 Debye mass approximated Im 1/

In this case, once usually does not consider the general structure of the gluon propagator in
presence of temperature and external magnetic field and instead incorporates the effect of
the magnetic field solely through the modification in the Debye mass. Hence the imaginary

part of potential in this case can be written as [252, 256]

T
ImV(r) = —aTgbg(mDr)—:;—zx(mDr), (C.17)
D

where mp is the Debye screening mass. In order to calculate the Debye screening mass
we have taken the static limit of the temporal component of the gluon self-energy i.e.
m$p = 1w — 0,p = 0), where I1%(P) = TI)°(P) + II°(P). First term in eq. C.17
comes from the Coulombic contribution whereas the second term is related to the string

part of the Cornell potential.
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C.4. Debye mass approximated Im V'

The functions ¢,(z) and x(x) are defined as,

do(z) = 2/0 dzﬁo_sm;;x))’ (C.18)

Both the functions ¢ (z) and x(x) are monotonically increasing functions with ¢(0) = 0

and x(0) = 1. At large x, x(z) is logarithmic ally divergent, whereas ¢,(oc0) = 1.
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CHARGED SCALAR FIELD

D.1 wave function

We consider charged particles in a constant magnetic field. The Klein-Gordon equation

becomes [290, 291]

2
(% _ er) owy,2,1) = (19 + AP +-m?) ole.,7.1), O.1)

where the wave function can be written in the following form
o(z,y, 2, t) = ¢(x,vy, 2, )e F. (D.2)
In our case magnetic field is in z-direction i.e. B = B%. We choose vector potential as
A* =(0,0,zB,0). (D.3)
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D.1. wave function

Using the vector potential from Eq. (D.3), Eq. (D.1) becomes

(E? =m?) ¢(w,y,2) = (—V2 2ieBs 4 62321«“2) o(x,y,2).

dy

The coordinate x appears through the derivatives, so we expect solution as

0wy, 2) = flx)etvrh=e,

Putting it in above equation we get,

d2
(% + 2eBzk, — e’ B*x* + €> f(z)

{d_2 — (eBx — ky)* + (B> — k2 — mQ)} f(x)

dz?

After doing variable transformation i.e.
£= VBl (v -2,
eB

we arrive to equation

d? 9
(e -€+a) i@ =0

(D.4)

(D.5)

(D.6)

(D.7)

(D.8)

2_1.2_ .2 . . .
where a = Ei—fg'm. The solution of above equation exists when a = 2v + 1 for v =
0,1,2,.... Energy eigenvalues becomes,

E? = k2 +m?+ (2v + 1)]eB],
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Chapter D. Charged scalar field

and the solution for f is

f,(&) = Noe 21, (¢),

where [, are Hermite polynomials and normalization constant is

NN
N, = (MeBLY
vi2vy/m

1.,(€) satisfy the completeness relation

D R a(€) = d(x =),

and also

/ h ful@) fo(@)dz = VeBd,,.

Finally we can write

¢n($, Yy, z, t) = e_iK.Xifn(xv ky)y

(D.10)

(D.11)

(D.12)

(D.13)

(D.14)

where X; is position four vector setting « component to zero. We would use X to represent

spacial co-ordinates.
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D.2 Quantization

The scalar field operator can be written in terms of annihilation and creation operator as

dkydk. [ _ix.x- - - .
Z/%m KXa f (2, kg)a(n, kz) + e £ (k)b (n, ks )] (D.15)

The field ®(X) and II(X) = & satisfy the commutation relation
[@(X),TL(Y)] = 6°)(Z - ). (D.16)
We can obtain the commutation relation for annihilation and creation operator as
la(n, pz), aT(m,pg)} = Onm0(ky — K,)0(k. — k), (D.17)
and similar for b and b'. Now we define the one-particle states

In, ks) = at(n, k3)0) . (D.18)

2
LyL.

Here we have considered a finite box of sides (L, L, L,), which is taken to infinite volume

limit at the end. The action of field operators on one-particle states reads as

— T 1 iKX= 7
I ke)) = el k) 10},
nHytz
5 1 , o
O rt(n, kz)) = ———————e"FXef (2,k;)|0). (D.19)

V2E,L,L.

211






BIBLIOGRAPHY

[3]

[4]

[5]

[6]

B. Singh, L. Thakur and H. Mishra, Heavy quark complex potential in a strongly
magnetized hot QGP medium, Phys. Rev. D 97 (2018) 096011, [1711.03071].

M. Hasan and B. K. Patra, Dissociation of heavy quarkonia in a weak magnetic

field, Phys. Rev. D 102 (2020) 036020, [2004.12857].

T. Muta, Foundations of Quantum Chromodynamics: An Introduction to
Perturbative Methods in Gauge Theories, (3rd ed.), vol. 78 of World scientific

Lecture Notes in Physics. World Scientific, Hackensack, N.J., 3rd ed., 2010.

F. Halzen and A. D. Martin, QUARKS AND LEPTONS: AN INTRODUCTORY
COURSE IN MODERN PARTICLE PHYSICS. 1984.

S. Bethke, Experimental tests of asymptotic freedom, Prog. Part. Nucl. Phys. 58
(2007) 351-386, [hep-ex/0606035].

D. J. Gross and F. Wilczek, Ultraviolet Behavior of Nonabelian Gauge Theories,
Phys. Rev. Lett. 30 (1973) 1343—1346.

213



[7]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

Bibliography

H. D. Politzer, Reliable Perturbative Results for Strong Interactions?, Phys. Rev.

Lett. 30 (1973) 1346-1349.

K. Yagi, T. Hatsuda and Y. Miake, Quark-gluon plasma: From big bang to little
bang, vol. 23. 2005.

B. Muller, THE PHYSICS OF THE QUARK - GLUON PLASMA, Lect. Notes Phys.
225 (1985) 1.

M. Gyulassy and L. McLerran, New forms of QCD matter discovered at RHIC,
Nucl. Phys. A 750 (2005) 30-63, [nucl-th/0405013].

E. V. Shuryak, Quantum Chromodynamics and the Theory of Superdense Matter,
Phys. Rept. 61 (1980) 71-158.

P. Petreczky, Lattice QCD at non-zero temperature, J. Phys. G 39 (2012) 093002,

[1203.5320].

S. Borsanyi, G. Endrodi, Z. Fodor, A. Jakovac, S. D. Katz, S. Krieg et al., The QCD

equation of state with dynamical quarks, JHEP 11 (2010) 077, [1007.2580].

S. Borsanyi, Z. Fodor, C. Hoelbling, S. D. Katz, S. Krieg and K. K. Szabo, Full
result for the QCD equation of state with 2+1 flavors, Phys. Lett. B 730 (2014)

99-104,[1309.5258].

A. Bazavov et al., Equation of state and QCD transition at finite temperature, Phys.

Rev. D 80 (2009) 014504, [0903.4379].

ALICE collaboration, P. Cortese et al., ALICE: Physics performance report,
volume I, J. Phys. G 30 (2004) 1517-1763.

214



BIBLIOGRAPHY

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

215

ALICE collaboration, C. W. Fabjan et al., ALICE: Physics performance report,
volume II, J. Phys. G 32 (2006) 1295-2040.

BRAHMS collaboration, I. Arsene et al., Quark gluon plasma and color glass
condensate at RHIC? The Perspective from the BRAHMS experiment, Nucl. Phys. A

757 (2005) 1-27, [nucl-ex/0410020].

PHOBOS collaboration, B. B. Back et al., The PHOBOS perspective on

discoveries at RHIC, Nucl. Phys. A 757 (2005) 28-101, [nucl-ex/0410022].

PHENIX collaboration, K. Adcox et al., Formation of dense partonic matter in
relativistic nucleus-nucleus collisions at RHIC: Experimental evaluation by the
PHENIX collaboration, Nucl. Phys. A 757 (2005) 184-283,

[nucl-ex/0410003].

P. Senger, The compressed baryonic matter experiment at FAIR in Darmstadt, J.

Phys. G 30 (2004) S1087-S1090.

B. Friman, C. Hohne, J. Knoll, S. Leupold, J. Randrup, R. Rapp et al., eds., The
CBM physics book: Compressed baryonic matter in laboratory experiments,

vol. 814. 2011, 10.1007/978-3-642-13293-3.

V. Toneev, The NICA/MPD project at JINR (Dubna), PoS CPOD07 (2007) 057,

[0709.14509].

NICA collaboration, A. N. Sissakian and A. S. Sorin, The nuclotron-based ion

collider facility (NICA) at JINR: New prospects for heavy ion collisions and spin
physics, J. Phys. G 36 (2009) 064069.



[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

Bibliography

W. Busza, K. Rajagopal and W. van der Schee, Heavy Ion Collisions: The Big
Picture, and the Big Questions, Ann. Rev. Nucl. Part. Sci. 68 (2018) 339-376,

[1802.04801].

E. Iancu, QCD in heavy ion collisions, in 2011 European School of High-Energy
Physics, pp. 197-266, 2014. 1205.0579. DOL.

P. Romatschke and U. Romatschke, Relativistic Fluid Dynamics In and Out of
Equilibrium. Cambridge Monographs on Mathematical Physics. Cambridge
University Press, 5, 2019, 10.1017/9781108651998.

F. Gelis, E. lancu, J. Jalilian-Marian and R. Venugopalan, The Color Glass
Condensate, Ann. Rev. Nucl. Part. Sci. 60 (2010) 463-489, [1002.0333].

P. Romatschke, Do nuclear collisions create a locally equilibrated quark—gluon

plasma?, Eur. Phys. J. C 77 (2017)21,[1609.02820].

P. M. Chesler and W. van der Schee, Early thermalization, hydrodynamics and

energy loss in AdS/CFT, Int. J. Mod. Phys. E 24 (2015) 1530011, [1501.04952].

C. Gale, S. Jeon and B. Schenke, Hydrodynamic Modeling of Heavy-Ion Collisions,

Int. J. Mod. Phys. A 28 (2013) 1340011, [1301.5893].

S. Jeon and U. Heinz, Introduction to Hydrodynamics, Int. J. Mod. Phys. E 24
(2015) 1530010, [1503.03931].

P. F. Kolb and U. W. Heinz, Hydrodynamic description of ultrarelativistic heavy ion

collisions, nucl-th/0305084.

216



BIBLIOGRAPHY

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

217

M. Algahtani, M. Nopoush, R. Ryblewski and M. Strickland, (3+1)D Quasiparticle
Anisotropic Hydrodynamics for Ultrarelativistic Heavy-Ion Collisions, Phys. Rev.

Lert. 119 (2017) 042301, [1703.058038].

M. Strickland, Anisotropic Hydrodynamics: Three lectures, Acta Phys. Polon. B 45
(2014) 2355-2394,[1410.5786].

T. H. Hansson and 1. Zahed, Electric and Magnetic Properties of Hot Gluons, Phys.
Rev. Lett. 58 (1987) 2397.

H. T. Elze, U. W. Heinz, K. Kajantie and T. Toimela, High Temperature Gluon

Matter in the Background Gauge, Z. Phys. C 37 (1988) 305.

D. J. Gross, R. D. Pisarski and L. G. Yaffe, QCD and Instantons at Finite

Temperature, Rev. Mod. Phys. 53 (1981) 43.

R. D. Pisarski, Computing Finite Temperature Loops with Ease, Nucl. Phys. B 309
(1988) 476-492.

E. Braaten and R. D. Pisarski, Soft Amplitudes in Hot Gauge Theories: A General
Analysis, Nucl. Phys. B 337 (1990) 569—-634.

R. D. Pisarski, Scattering Amplitudes in Hot Gauge Theories, Phys. Rev. Lett. 63
(1989) 1129.

R. D. Pisarski, How to Compute Scattering Amplitudes in Hot Gauge Theories,

Physica A 158 (1989) 246-250.

O. K. Kalashnikov, QCD AT FINITE TEMPERATURE, Fortsch. Phys. 32 (1984)
525.



[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

Bibliography

J. O. Andersen, E. Braaten and M. Strickland, Hard thermal loop resummation of
the free energy of a hot gluon plasma, Phys. Rev. Lett. 83 (1999) 2139-2142,

[hep-ph/9902327].

J. O. Andersen, E. Braaten and M. Strickland, Hard thermal loop resummation of
the thermodynamics of a hot gluon plasma, Phys. Rev. D 61 (2000) 014017,

[hep-ph/9905337].

J. O. Andersen, E. Braaten and M. Strickland, Hard thermal loop resummation of
the free energy of a hot quark - gluon plasma, Phys. Rev. D 61 (2000) 074016,

[hep-ph/9908323].

Y. Jiang, H.-x. Zhu, W.-m. Sun and H.-s. Zong, The Quark Number Susceptibility in

Hard-Thermal-Loop Approximation, J. Phys. G 37 (2010) 055001, [1003.5031].

M. Strickland, J. O. Andersen, A. Bandyopadhyay, N. Haque, M. G. Mustafa and
N. Su, Three loop HTL perturbation theory at finite temperature and chemical

potential, Nucl. Phys. A 931 (2014) 841-845,[1407.3671].

N. Haque, M. G. Mustafa and M. Strickland, Two-loop hard thermal loop pressure
at finite temperature and chemical potential, Phys. Rev. D 87 (2013) 105007,

[1212.1797].

J. B. Kogut, A Review of the Lattice Gauge Theory Approach to Quantum
Chromodynamics, Rev. Mod. Phys. 55 (1983) 775.

M. Creutz, L. Jacobs and C. Rebbi, Monte Carlo Computations in Lattice Gauge

Theories, Phys. Rept. 95 (1983) 201-282.

218



BIBLIOGRAPHY

[52]

[53]

[54]

[55]

[56]

[58]

[59]

[61]

219

K. G. Wilson and J. B. Kogut, The Renormalization group and the epsilon
expansion, Phys. Rept. 12 (1974) 75-199.

F. Karsch, Lattice QCD at high temperature and density, Lect. Notes Phys. 583
(2002) 209-249, [hep—-1at/0106019].

S. P. Klevansky, The Nambu-Jona-Lasinio model of quantum chromodynamics, Rev.

Mod. Phys. 64 (1992) 649-708.

P. Rehberg, S. P. Klevansky and J. Hufner, Hadronization in the SU(3)
Nambu-Jona-Lasinio model, Phys. Rev. C 53 (1996) 410-429,

[hep-ph/95064306].

M. K. Volkov and A. E. Radzhabov, The Nambu-Jona-Lasinio model and its

development, Phys. Usp. 49 (2006) 551-561, [hep-ph/0508263].

B.-J. Schaefer and J. Wambach, The Phase diagram of the quark meson model,
Nucl. Phys. A 757 (2005) 479-492, [nucl-th/0403039].

N. Petropoulos, Linear sigma model and chiral symmetry at finite temperature, J.

Phys. G 25 (1999) 2225-2241, [hep-ph/9807331].

C. Ratti, S. Roessner, M. A. Thaler and W. Weise, Thermodynamics of the PNJL

model, Eur. Phys. J. C 49 (2007) 213-217, [hep—-ph/0609218].

S. Mukherjee, M. G. Mustafa and R. Ray, Thermodynamics of the PNJL model with
nonzero baryon and isospin chemical potentials, Phys. Rev. D 75 (2007) 094015,

[hep-ph/0609249].

B.-J. Schaefer, J. M. Pawlowski and J. Wambach, The Phase Structure of the

Polyakov—Quark-Meson Model, Phys. Rev. D 76 (2007) 074023, [0704 .3234].



[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

Bibliography

P. Huovinen and P. Petreczky, QCD Equation of State and Hadron Resonance Gas,

Nucl. Phys. A 837 (2010) 26-53,[0912.2541].

K. Tuchin, Particle production in strong electromagnetic fields in relativistic

heavy-ion collisions, Adv. High Energy Phys. 2013 (2013) 490495, [1301.0099].

V. Skokov, A. Y. Illarionov and V. Toneev, Estimate of the magnetic field strength in

heavy-ion collisions, Int. J. Mod. Phys. A 24 (2009) 5925-5932,[0907.1396].

A. Bzdak and V. Skokov, Event-by-event fluctuations of magnetic and electric fields

in heavy ion collisions, Phys. Lett. B 710 (2012) 171-174,[1111.1949].

V. Voronyuk, V. D. Toneev, W. Cassing, E. L. Bratkovskaya, V. P. Konchakovski
and S. A. Voloshin, (Electro-)Magnetic field evolution in relativistic heavy-ion

collisions, Phys. Rev. C 83 (2011) 054911, [1103.4239].

V. Roy, S. Pu, L. Rezzolla and D. H. Rischke, Effect of intense magnetic fields on
reduced-MHD evolution in \/syn = 200 GeV Au+Au collisions, Phys. Rev. C 96
(2017) 054909, [1706.05326].

X.-G. Huang, Electromagnetic fields and anomalous transports in heavy-ion
collisions — A pedagogical review, Rept. Prog. Phys. 79 (2016) 076302,

[1509.04073].

K. Tuchin, Time and space dependence of the electromagnetic field in relativistic

heavy-ion collisions, Phys. Rev. C 88 (2013) 024911, [1305.5806].

K. Fukushima, D. E. Kharzeev and H. J. Warringa, The Chiral Magnetic Effect,

Phys. Rev. D 78 (2008) 074033, [0808.3382].

220



BIBLIOGRAPHY

[71]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

221

J. O. Andersen, Chiral perturbation theory in a magnetic background -

finite-temperature effects, JHEP 10 (2012) 005, [1205.6978].

S. Rath and B. K. Patra, One-loop QCD thermodynamics in a strong homogeneous

and static magnetic field, JHEP 12 (2017) 098, [1707.02890].

M. Strickland, V. Dexheimer and D. P. Menezes, Bulk Properties of a Fermi Gas in
a Magnetic Field, Phys. Rev. D 86 (2012) 125032, [1209.3276].

R. L. S. Farias, V. S. Timoteo, S. S. Avancini, M. B. Pinto and G. Krein,
Thermo-magnetic effects in quark matter: Nambu—Jona-Lasinio model constrained

by lattice QCD, Eur. Phys. J. A 53 (2017) 101,[1603.03847].

R. Ghosh, A. Bandyopadhyay, I. Nilima and S. Ghosh, Anisotropic tomography of
heavy quark dissociation by using general propagator structure at finite magnetic

field, 2204 .02312,

X. Wang, I. A. Shovkovy, L. Yu and M. Huang, Ellipticity of photon emission from
strongly magnetized hot QCD plasma, Phys. Rev. D 102 (2020) 076010,

[2006.16254].

K. Hattori, H. Taya and S. Yoshida, Di-lepton production from a single photon in

strong magnetic fields: vacuum dichroism, JHEP 01 (2021) 093, [2010.13492].

S. Ghosh and V. Chandra, Electromagnetic spectral function and dilepton rate in a

hot magnetized QCD medium, Phys. Rev. D 98 (2018) 076006, [1808.05176].

A. Das, A. Bandyopadhyay and C. A. Islam, Lepton pair production from a hot and

dense QCD medium in presence of an arbitrary magnetic field, 2109.00019.



[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

Bibliography

A. Bandyopadhyay, C. A. Islam and M. G. Mustafa, Electromagnetic spectral
properties and Debye screening of a strongly magnetized hot medium, Phys. Rev. D

94 (2016) 114034, [1602.06769].

M. Kurian, S. Mitra, S. Ghosh and V. Chandra, Transport coefficients of hot
magnetized QCD matter beyond the lowest Landau level approximation, Eur. Phys.

J.C79(2019) 134,[1805.07313].

M. Kurian and V. Chandra, Bulk viscosity of a hot QCD medium in a strong
magnetic field within the relaxation-time approximation, Phys. Rev. D 97 (2018)

116008, [1802.07904].

S. Schramm, B. Muller and A. J. Schramm, Quark - anti-quark condensates in

strong magnetic fields, Mod. Phys. Lett. A7 (1992) 973-982.

E. S. Fraga and A. J. Mizher, Chiral transition in a strong magnetic background,

Phys. Rev. D 78 (2008) 025016, [0804 .1452].

B. Chatterjee, H. Mishra and A. Mishra, Vacuum structure and chiral symmetry
breaking in strong magnetic fields for hot and dense quark matter, Phys. Rev. D 84

(2011) 014016, [1101.0498].

R. Gatto and M. Ruggieri, Deconfinement and Chiral Symmetry Restoration in a

Strong Magnetic Background, Phys. Rev. D 83 (2011) 034016, [1012.1291].

M. D’Elia, S. Mukherjee and F. Sanfilippo, QCD Phase Transition in a Strong

Magnetic Background, Phys. Rev. D 82 (2010) 051501, [1005.5365].

222



BIBLIOGRAPHY

[88]

[89]

[91]

[92]

[93]

[94]

223

G. Endrodi, M. Giordano, S. D. Katz, T. G. Kovics and F. Pittler, Magnetic
catalysis and inverse catalysis for heavy pions, JHEP 07 (2019) 007,

[1904.10296].

M. D’Elia, F. Manigrasso, F. Negro and F. Sanfilippo, QCD phase diagram in a
magnetic background for different values of the pion mass, Phys. Rev. D 98 (2018)

054509, [1808.07008].

G. S. Bali, F. Bruckmann, G. Endrodi, Z. Fodor, S. D. Katz and A. Schafer, QCD
quark condensate in external magnetic fields, Phys. Rev. D 86 (2012) 071502,

[1206.4205].

G. S. Bali, F. Bruckmann, G. Endrodi, Z. Fodor, S. D. Katz, S. Krieg et al., The
QCD phase diagram for external magnetic fields, JHEP 02 (2012) 044,

[1111.4956].

R. L. S. Farias, K. P. Gomes, G. 1. Krein and M. B. Pinto, Importance of asymptotic
freedom for the pseudocritical temperature in magnetized quark matter, Phys. Rev.

C 90 (2014) 025203,[1404.3931].

M. Ferreira, P. Costa, O. Lourenco, T. Frederico and C. Providéncia, Inverse
magnetic catalysis in the (2+1)-flavor Nambu-Jona-Lasinio and
Polyakov-Nambu-Jona-Lasinio models, Phys. Rev. D 89 (2014) 116011,

[1404.5577].

A. Ayala, M. Loewe and R. Zamora, Inverse magnetic catalysis in the linear sigma

model with quarks, Phys. Rev. D 91 (2015) 016002, [1406.7408].



[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

Bibliography

S. Mao, Inverse magnetic catalysis in Nambu—Jona-Lasinio model beyond mean

field, Phys. Lett. B 758 (2016) 195-199, [1602.06503].

V. P. Pagura, D. Gomez Dumm, S. Noguera and N. N. Scoccola, Magnetic catalysis
and inverse magnetic catalysis in nonlocal chiral quark models, Phys. Rev. D 95

(2017) 034013, [1609.02025].

J. O. Andersen, W. R. Naylor and A. Tranberg, Phase diagram of QCD in a

magnetic field: A review, Rev. Mod. Phys. 88 (2016) 025001, [1411.7176].

M. S. Ali, C. A. Islam and R. Sharma, Studying explicit U(1)A symmetry breaking
in a hot and magnetized two flavor nonlocal NJL model constrained using lattice

results, Phys. Rev. D 104 (2021) 114026, [2009.13563].

B. Karmakar, R. Ghosh, A. Bandyopadhyay, N. Haque and M. G. Mustafa,
Anisotropic pressure of deconfined QCD matter in presence of strong magnetic field

within one-loop approximation, Phys. Rev. D 99 (2019) 094002, [1902.02607].

T.-K. Chyi, C.-W. Hwang, W. F. Kao, G.-L. Lin, K.-W. Ng and J.-J. Tseng, The
weak field expansion for processes in a homogeneous background magnetic field,

Phys. Rev. D 62 (2000) 105014, [hep-th/9912134].

S. A. Bass, M. Gyulassy, H. Stoecker and W. Greiner, Signatures of quark gluon
plasma formation in high-energy heavy ion collisions: A Critical review, J. Phys. G

25 (1999) R1-R57, [hep-ph/9810281].

J. W. Harris and B. Muller, The Search for the quark - gluon plasma, Ann. Rev.

Nucl. Part. Sci. 46 (1996) 71-107, [hep—-ph/9602235].

224



BIBLIOGRAPHY

[103] T. Niida and Y. Miake, Signatures of QGP at RHIC and the LHC, AAPPS Bull. 31
(2021) 12,[2104.11406].

[104] J. 1. Kapusta, P. Lichard and D. Seibert, High-energy photons from quark - gluon

plasma versus hot hadronic gas, Phys. Rev. D 44 (1991) 2774-2788.

[105] W. Cassing and E. L. Bratkovskaya, Hadronic and electromagnetic probes of hot
and dense nuclear matter, Phys. Rept. 308 (1999) 65-233.

[106] J. 1. Kapusta, Photons and lepton pairs from high-energy nuclear collisions, Nucl.

Phys. A 566 (1994) 45C-59C.

[107] P. V. Ruuskanen, Electromagnetic probes of quark - gluon plasma in relativistic

heavy ion collisions, Nucl. Phys. A 544 (1992) 169—182.

[108] J. Rafelski and B. Muller, Strangeness Production in the Quark - Gluon Plasma,
Phys. Rev. Lett. 48 (1982) 1066.

[109] P. Koch, B. Muller and J. Rafelski, Strangeness in Relativistic Heavy lon
Collisions, Phys. Rept. 142 (1986) 167-262.

[110] C. Blume and C. Markert, Strange hadron production in heavy ion collisions from

SPS to RHIC, Prog. Part. Nucl. Phys. 66 (2011) 834-879,[1105.2798].

[111] S. Margetis, K. Safarik and O. Villalobos Baillie, Strangeness production in

heavy-ion collisions, Ann. Rev. Nucl. Part. Sci. 50 (2000) 299-342.

[112] F. Wang, Strangeness in dense nuclear matter: A Review of AGS results, J. Phys. G
27 (2001) 283-300, [nucl-ex/0010002].

225



Bibliography

[113] T. Matsui and H. Satz, J/v¢ Suppression by Quark-Gluon Plasma Formation, Phys.
Lett. B 178 (1986) 416—422.

[114] F. Karsch, M. T. Mehr and H. Satz, Color Screening and Deconfinement for Bound

States of Heavy Quarks, Z. Phys. C 37 (1988) 617.

[115] L. D. McLerran and T. Toimela, Photon and Dilepton Emission from the Quark -

Gluon Plasma: Some General Considerations, Phys. Rev. D 31 (1985) 545.

[116] E. V. Shuryak and 1. Zahed, Towards a theory of binary bound states in the quark

gluon plasma, Phys. Rev. D 70 (2004) 054507, [hep—ph/0403127].

[117] C.-Y. Wong, Heavy quarkonia in quark-gluon plasma, Phys. Rev. C 72 (2005)

034906, [hep-ph/0408020].

[118] H. Satz, Quarkonium Binding and Dissociation: The Spectral Analysis of the QGP,
Nucl. Phys. A 783 (2007) 249-260, [hep-ph/0609197].

[119] S. Cao and X.-N. Wang, Jet quenching and medium response in high-energy
heavy-ion collisions: a review, Rept. Prog. Phys. 84 (2021) 024301,

[2002.04028].

[120] Y. Mehtar-Tani, J. G. Milhano and K. Tywoniuk, Jet physics in heavy-ion
collisions, Int. J. Mod. Phys. A 28 (2013) 1340013, [1302.2579].

[121] M. Spousta, Jet Quenching at LHC, Mod. Phys. Lett. A 28 (2013) 1330017,

[1305.6400].

[122] J.-P. Blaizot and Y. Mehtar-Tani, Jet Structure in Heavy Ion Collisions, Int. J. Mod.
Phys. E 24 (2015) 1530012, [1503.05958].

226



BIBLIOGRAPHY

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

227

U. A. Wiedemann, Jet Quenching in Heavy lon Collisions, 0908 .2306.

STAR collaboration, J. Adams et al., Distributions of charged hadrons associated
with high transverse momentum particles in pp and Au + Au collisions at
S(NN)**(1/2) = 200-GeV, Phys. Rev. Lett. 95 (2005) 152301,

[nucl-ex/0501016].

CMS collaboration, S. Chatrchyan et al., Observation and studies of jet quenching
in PbPb collisions at nucleon-nucleon center-of-mass energy = 2.76 TeV, Phys.

Rev. C 84 (2011) 024906, [1102.1957].

S. Voloshin and Y. Zhang, Flow study in relativistic nuclear collisions by Fourier
expansion of Azimuthal particle distributions, Z. Phys. C 70 (1996) 665-672,

[hep-ph/9407282].

A. M. Poskanzer and S. A. Voloshin, Methods for analyzing anisotropic flow in
relativistic nuclear collisions, Phys. Rev. C 58 (1998) 1671-1678,

[nucl-ex/9805001].

CMS collaboration, S. Chatrchyan et al., Measurement of the elliptic anisotropy of
charged particles produced in PbPb collisions at \/s y=2.76 TeV, Phys. Rev. C 87
(2013) 014902, [1204.14009].

P. F. Kolb, J. Sollfrank and U. W. Heinz, Anisotropic transverse flow and the quark

hadron phase transition, Phys. Rev. C 62 (2000) 054909, [hep-ph/0006129].

C. Villani, A review of mathematical topics in collisional kinetic theory, Handbook

of mathematical fluid dynamics 1 (2002) 3-8.

S. R. De Groot, Relativistic Kinetic Theory. Principles and Applications. 1980.



[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

Bibliography

P. Romatschke, New Developments in Relativistic Viscous Hydrodynamics, Int. J.

Mod. Phys. E 19 (2010) 1-53,[0902.3663].

L. D. Landau, On the multiparticle production in high-energy collisions, Izv. Akad.

Nauk Ser. Fiz. 17 (1953) 51-64.

J. D. Bjorken, Highly Relativistic Nucleus-Nucleus Collisions: The Central

Rapidity Region, Phys. Rev. D 27 (1983) 140-151.

R. M. Weiner, Surprises from the search for quark-gluon plasma? When was
quark-gluon plasma seen?, Int. J. Mod. Phys. E 15 (2006) 37-70,

[hep-ph/0507115].

U. W. Heinz, Early collective expansion: Relativistic hydrodynamics and the
transport properties of QCD matter, Landolt-Bornstein 23 (2010) 240,

[0901.4355].

W. Scheid, H. Muller and W. Greiner, Nuclear Shock Waves in Heavy-lon

Collisions, Phys. Rev. Lett. 32 (1974) 741-745.

M. L. Sobel, H. A. Bethe, P. J. Siemens and J. P. Bondorf, Shock Waves in Colliding
Nuclei, Nucl. Phys. A 251 (1975) 502-529.

P. B. Arnold, J. Lenaghan and G. D. Moore, QCD plasma instabilities and bottom

up thermalization, JHEP 08 (2003) 002, [hep-ph/0307325].

S. Mrowczynski, Plasma instability at the initial stage of ultrarelativistic heavy ion

collisions, Phys. Lett. B 314 (1993) 118-121.

S. Mrowczynski and M. H. Thoma, Hard loop approach to anisotropic systems,

Phys. Rev. D 62 (2000) 036011, [hep-ph/0001164].

228



BIBLIOGRAPHY

[142] R. Baier, A. H. Mueller, D. Schiff and D. T. Son, ’Bottom up’ thermalization in

heavy ion collisions, Phys. Lett. B 502 (2001) 51-58, [hep—ph/0009237].

[143] S. Mrowczynski, B. Schenke and M. Strickland, Color instabilities in the

quark—gluon plasma, Phys. Rept. 682 (2017) 1-97,[1603.08946].

[144] B. S. Kasmaei and M. Strickland, Parton self-energies for general

momentum-space anisotropy, Phys. Rev. D 97 (2018) 054022, [1801.00863].

[145] T. Matsubara, A New Approach to Quantum-Statistical Mechanics, Progress of

Theoretical Physics 14 (10, 1955) 351-378.

[146] J. S. Schwinger, Brownian motion of a quantum oscillator, J. Math. Phys. 2 (1961)
407-432.

[147] L. V. Keldysh, Diagram technique for nonequilibrium processes, Zh. Eksp. Teor.
Fiz. 47 (1964) 1515-1527.

[148] A. K. Das, Finite Temperature Field Theory. World Scientific, New York, 1997.

[149] S. Mallik and S. Sarkar, Hadrons at Finite Temperature. Cambridge Monographs
on Mathematical Physics. Cambridge University Press, 2016,
10.1017/9781316535585.

[150] M. L. Bellac, Thermal Field Theory. Cambridge Monographs on Mathematical

Physics. Cambridge University Press, 3, 2011, 10.1017/CB0O9780511721700.

[151] H.-T. Ding, F. Karsch and S. Mukherjee, Thermodynamics of strong-interaction
matter from Lattice QCD, Int. J. Mod. Phys. E 24 (2015) 1530007,

[1504.05274].

229



[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

Bibliography

C. Ratti, Lattice QCD and heavy ion collisions: a review of recent progress, Rept.

Prog. Phys. 81 (2018) 084301, [1804.07810].

USQCD collaboration, A. Bazavov, F. Karsch, S. Mukherjee and P. Petreczky,
Hot-dense Lattice QCD: USQCD whitepaper 2018, Eur. Phys. J. A 55 (2019) 194,

[1904.09951].

J. O. Andersen and M. Strickland, Resummation in hot field theories, Annals Phys.

317 (2005) 281-353, [hep-ph/0404164].

N. Haque, A. Bandyopadhyay, J. O. Andersen, M. G. Mustafa, M. Strickland and
N. Su, Three-loop HTLpt thermodynamics at finite temperature and chemical

potential, JHEP 05 (2014) 027,[1402.6907].

N. Su, Recent progress in hard-thermal-loop QCD thermodynamics and collective

excitations, Int. J. Mod. Phys. A 30 (2015) 1530025, [1502.04589].

A. Jaiswal and V. Roy, Relativistic hydrodynamics in heavy-ion collisions: general
aspects and recent developments, Adv. High Energy Phys. 2016 (2016) 9623034,

[1605.08694].

D. T. Son and A. O. Starinets, Viscosity, Black Holes, and Quantum Field Theory,

Ann. Rev. Nucl. Part. Sci. 57 (2007) 95-118,[0704.0240].

H. Nastase, Introduction to AdS-CFT, 0712 .0689.

R. Peschanski, Introduction to String Theory and Gauge/Gravity duality for
students in QCD and QGP phenomenology, Acta Phys. Polon. B 39 (2008)

2479-2510,[0804.3210].

230



BIBLIOGRAPHY

[161] J. Sadeghi, B. Pourhassan and S. Heshmatian, Application of AdS/CFT in
Quark-Gluon Plasma, Adv. High Energy Phys. 2013 (2013) 759804.

[162] R. Stock, ed., Relativistic Heavy Ion Physics, vol. 23 of Landolt-Boernstein -
Group I Elementary Particles, Nuclei and Atoms. Springer, 2010,
10.1007/978-3-642-01539-7.

[163] M. Strickland, Thermalization and isotropization in heavy-ion collisions, Pramana

84 (2015) 671-684,[1312.2285].

[164] M. Alqgahtani, M. Nopoush and M. Strickland, Relativistic anisotropic

hydrodynamics, Prog. Part. Nucl. Phys. 101 (2018) 204-248,[1712.03282].

[165] S. Mrowczynski, A. Rebhan and M. Strickland, Hard loop effective action for

anisotropic plasmas, Phys. Rev. D 70 (2004) 025004, [hep-ph/0403256].

[166] P. Romatschke and M. Strickland, Collective modes of an anisotropic quark gluon

plasma, Phys. Rev. D 68 (2003) 036004, [hep—ph/0304092].

[167] P. Romatschke and M. Strickland, Collective modes of an anisotropic quark-gluon

plasma Il, Phys. Rev. D 70 (2004) 116006, [hep—ph/0406188].

[168] B. Schenke and M. Strickland, Fermionic Collective Modes of an Anisotropic
Quark-Gluon Plasma, Phys. Rev. D 74 (2006) 065004, [hep-ph/0606160].

[169] L. Bhattacharya and P. Roy, Photons from anisotropic Quark-Gluon-Plasma, Phys.
Rev. C 78 (2008) 064904, [0809.459¢6].

[170] L. Bhattacharya and P. Roy, Measuring isotropization time of Quark-Gluon-Plasma

from direct photon at RHIC, Phys. Rev. C 79 (2009) 054910, [0812.1478].

231



Bibliography

[171] L. Bhattacharya, R. Ryblewski and M. Strickland, Photon production from a
nonequilibrium quark-gluon plasma, Phys. Rev. D 93 (2016) 065005,

[1507.06605].

[172] M. Nopoush, Y. Guo and M. Strickland, The static hard-loop gluon propagator to

all orders in anisotropy, JHEP 09 (2017) 063,[1706.08091].

[173] B. Krouppa and M. Strickland, Predictions for bottomonia suppression in 5.023

TeV Pb-Pb collisions, Universe 2 (2016) 16, [1605.03561].

[174] M. Mandal and P. Roy, Wake in anisotropic quark-gluon plasma, Phys. Rev. D 86
(2012) 114002, [1310.4657].

[175] M. Mandal and P. Roy, Wake potential in collisional anisotropic quark-gluon
plasma, Phys. Rev. D 88 (2013) 074013, [1310.4660].

[176] M. Mandal, L. Bhattacharya and P. Roy, Nuclear modification factor in an
anisotropic \em Quark-Gluon-Plasma, Phys. Rev. C 84 (2011) 044910,

[1101.5855].

[177] V. Chandra and V. Sreekanth, Impact of momentum anisotropy and turbulent
chromo-fields on thermal particle production in quark—gluon-plasma medium, Eur.

Phys. J. C77 (2017) 427,[1602.07142].

[178] M. Strickland, The Chromo-Weibel instability, Braz. J. Phys. 37 (2007) 762-765,

[hep-ph/0611349].

[179] A. Rebhan, P. Romatschke and M. Strickland, Hard-loop dynamics of non-Abelian

plasma instabilities, Phys. Rev. Lett. 94 (2005) 102303, [hep-ph/0412016].

232



BIBLIOGRAPHY

[180] D. Bazow, U. W. Heinz and M. Strickland, Second-order (2+1)-dimensional

anisotropic hydrodynamics, Phys. Rev. C 90 (2014) 054910, [1311.6720].

[181] L. Tinti and W. Florkowski, Projection method and new formulation of
leading-order anisotropic hydrodynamics, Phys. Rev. C 89 (2014) 034907,

[1312.6614].

[182] M. Nopoush, R. Ryblewski and M. Strickland, Bulk viscous evolution within

anisotropic hydrodynamics, Phys. Rev. C 90 (2014) 014908, [1405.1355].

[183] M. Algahtani, M. Nopoush and M. Strickland, Quasiparticle equation of state for

anisotropic hydrodynamics, Phys. Rev. C 92 (2015) 054910, [1509.02913].

[184] M. Nopoush and M. Strickland, Including off-diagonal anisotropies in anisotropic
hydrodynamics, Phys. Rev. C 100 (2019) 014904, [1902.03303].

[185] B. S. Kasmaei, M. Nopoush and M. Strickland, Quark self-energy in an
ellipsoidally anisotropic quark-gluon plasma, Phys. Rev. D 94 (2016) 125001,

[1608.06018].

[186] B. S. Kasmaei and M. Strickland, Photon production and elliptic flow from a
momentum-anisotropic quark-gluon plasma, Phys. Rev. D 102 (2020) 014037,

[1911.03370].

[187] B. S. Kasmaei and M. Strickland, Dilepton production and elliptic flow from an

anisotropic quark-gluon plasma, Phys. Rev. D 99 (2019) 034015,[1811.07486].

[188] A. Dumitru, Y. Guo and M. Strickland, The Heavy-quark potential in an

anisotropic (viscous) plasma, Phys. Lett. B 662 (2008) 37-42,[0711.4722].

233



Bibliography

[189] A. Dumitru, Y. Guo and M. Strickland, The Imaginary part of the static gluon
propagator in an anisotropic (viscous) QCD plasma, Phys. Rev. D 79 (2009)
114003, [0903.4703].

[190] D. A. Uzdensky and S. Rightley, Plasma Physics of Extreme Astrophysical

Environments, Rept. Prog. Phys. 77 (2014) 036902, [1401.5110].

[191] A. K. Ganguly, S. Konar and P. B. Pal, Faraday effect: A Field theoretical point of

view, Phys. Rev. D 60 (1999) 105014, [hep—-ph/9905206].

[192] M. Giovannini, Cosmic microwave background polarization, Faraday rotation, and
stochastic gravity-waves backgrounds, Phys. Rev. D 56 (1997) 3198-3206,

[hep-th/9706201].

[193] E. P. Liang, S. C. Wilks and M. Tabak, Pair Production by Ultraintense Lasers,
Phys. Rev. Lett. 81 (1998) 4887—-4890.

[194] M. H. Thoma, Field Theoretic Description of Ultrarelativistic Electron-Positron

Plasmas, Rev. Mod. Phys. 81 (2009) 959-968, [0801.0956].

[195] M. H. Thoma, What can we learn from electromagnetic plasmas about the

quark-gluon plasma?, J. Phys. A 42 (2009) 214004, [0809.1507].

[196] M. H. Thoma, Parton interaction rates in the quark - gluon plasma, Phys. Rev. D

49 (1994) 451459, [hep-ph/9308257].

[197] M. H. Thoma, Damping rate of a hard photon in a relativistic plasma, Phys. Rev. D
51 (1995) 862-865, [hep—ph/94053009].

[198] H. A. Weldon, Simple Rules for Discontinuities in Finite Temperature Field Theory,
Phys. Rev. D 28 (1983) 2007.

234



BIBLIOGRAPHY

[199] B. Karmakar, A. Bandyopadhyay, N. Haque and M. G. Mustafa, General structure
of gauge boson propagator and its spectra in a hot magnetized medium, Eur. Phys.

J.C79(2019) 658,[1804.11336].

[200] A. Das, A. Bandyopadhyay, P. K. Roy and M. G. Mustafa, General structure of
fermion two-point function and its spectral representation in a hot magnetized

medium, Phys. Rev. D 97 (2018) 034024, [1709.08365].

[201] E. Braaten, R. D. Pisarski and T.-C. Yuan, Production of Soft Dileptons in the

Quark - Gluon Plasma, Phys. Rev. Lett. 64 (1990) 2242,

[202] A. Bandyopadhyay, B. Karmakar, N. Haque and M. G. Mustafa, Pressure of a
weakly magnetized hot and dense deconfined QCD matter in one-loop
hard-thermal-loop perturbation theory, Phys. Rev. D 100 (2019) 034031,

[1702.02875].

[203] M. H. Thoma, New developments and applications of thermal field theory,

hep-ph/0010164.

[204] J. I. Kapusta and C. Gale, Finite-temperature field theory: Principles and
applications. Cambridge Monographs on Mathematical Physics. Cambridge

University Press, 2011, 10.1017/CBO9780511535130.

[205] Y. Aoki, G. Endrodi, Z. Fodor, S. D. Katz and K. K. Szabo, The Order of the
quantum chromodynamics transition predicted by the standard model of particle

physics, Nature 443 (2006) 675-678, [hep-1at/0611014].

[206] T. Bhattacharya et al., QCD Phase Transition with Chiral Quarks and Physical

Quark Masses, Phys. Rev. Lett. 113 (2014) 082001, [1402.5175].

235



Bibliography

[207] K. Fukushima, Chiral effective model with the Polyakov loop, Phys. Lett. B 591

(2004) 277284, [hep-ph/0310121].

[208] C. Ratti, M. A. Thaler and W. Weise, Phases of QCD: Lattice thermodynamics and

a field theoretical model, Phys. Rev. D 73 (2006) 014019, [hep-ph/0506234].

[209] Z. Fang, Y.-L. Wu and L. Zhang, Chiral phase transition and QCD phase diagram

from AdS/QCD, Phys. Rev. D 99 (2019) 034028, [1810.12525].

[210] C. S. Fischer, Deconfinement phase transition and the quark condensate, Phys. Rev.

Lett. 103 (2009) 052003, [0904 .2700].

[211] J. Braun, L. M. Haas, F. Marhauser and J. M. Pawlowski, Phase Structure of
Two-Flavor QCD at Finite Chemical Potential, Phys. Rev. Lett. 106 (2011) 022002,

[0908.0008].

[212] F. Karsch and E. Laermann, Susceptibilities, the specific heat and a cumulant in

two flavor QCD, Phys. Rev. D 50 (1994) 6954-6962, [hep—1at/9406008].

[213] MILC collaboration, C. Bernard, T. Burch, E. B. Gregory, D. Toussaint, C. E.
DeTar, J. Osborn et al., QCD thermodynamics with three flavors of improved

staggered quarks, Phys. Rev. D 71 (2005) 034504, [hep-1at/0405029].

[214] M. Cheng et al., The Transition temperature in QCD, Phys. Rev. D 74 (2006)

054507, [hep—1at/0608013].

[215] L.-K. Wu, X.-Q. Luo and H.-S. Chen, Phase structure of lattice QCD with two
flavors of Wilson quarks at finite temperature and chemical potential, Phys. Rev. D

76 (2007) 034505, [hep-1at/0611035].

236



BIBLIOGRAPHY

[216]

[217]

[218]

[219]

[220]

[221]

[222]

[223]

237

S. Digal, E. Laermann and H. Satz, Deconfinement through chiral symmetry
restoration in two flavor QCD, Eur. Phys. J. C 18 (2001) 583-586,

[hep-ph/0007175].

P. Chakraborty, M. G. Mustafa and M. H. Thoma, Chiral susceptibility in hard
thermal loop approximation, Phys. Rev. D 67 (2003) 114004,

[hep-ph/0210159].

A. V. Smilga and J. J. M. Verbaarschot, Scalar susceptibility in QCD and the
multiflavor Schwinger model, Phys. Rev. D 54 (1996) 1087-1093,

[hep—ph/9511471].

P. Zhuang, J. Hufner and S. P. Klevansky, Thermodynamics of a quark - meson
plasma in the Nambu-Jona-Lasinio model, Nucl. Phys. A 576 (1994) 525-552.

C. Sasaki, B. Friman and K. Redlich, Susceptibilities and the Phase Structure of a
Chiral Model with Polyakov Loops, Phys. Rev. D 75 (2007) 074013,

[hep-ph/0611147].

D. Blaschke, A. Holl, C. D. Roberts and S. M. Schmidt, Analysis of chiral and
thermal susceptibilities, Phys. Rev. C 58 (1998) 1758-1766,

[nucl-th/9803030].

I. A. Shovkovy, Magnetic Catalysis: A Review, Lect. Notes Phys. 871 (2013)

13-49, [1207 .5081].

A. Das, D. Kumar and H. Mishra, Chiral susceptibility in the Nambu—Jona-Lasinio
model: A Wigner function approach, Phys. Rev. D 100 (2019) 094030,

[1907.12332].



Bibliography

[224] A. Das and N. Haque, Neutral pion mass in the linear sigma model coupled to
quarks at arbitrary magnetic field, Phys. Rev. D 101 (2020) 074033,

[1908.10323].

[225] A. Ayala, C. A. Dominguez, S. Hernandez-Ortiz, L. A. Hernandez, M. Loewe,
D. Manreza Paret et al., Thermomagnetic evolution of the QCD strong coupling,

Phys. Rev. D 98 (2018) 031501, [1805.08198].

[226] PARTICLE DATA GROUP collaboration, J. Beringer et al., Review of Particle

Physics (RPP), Phys. Rev. D 86 (2012) 010001.

[227] D. E. Kharzeev, K. Landsteiner, A. Schmitt and H.-U. Yee, ’Strongly interacting
matter in magnetic fields’: an overview, Lect. Notes Phys. 871 (2013) 1-11,

[1211.6245].

[228] V. A. Miransky and I. A. Shovkovy, Quantum field theory in a magnetic field: From
quantum chromodynamics to graphene and Dirac semimetals, Phys. Rept. 576

(2015) 1-209, [1503.00732].

[229] A. Mocsy, Potential Models for Quarkonia, Eur. Phys. J. C 61 (2009) 705-710,

[0811.0337].

[230] D. Cabrera and R. Rapp, T-Matrix Approach to Quarkonium Correlation Functions
in the QGP, Phys. Rev. D 76 (2007) 114506, [hep-ph/0611134].

[231] L. Thakur, N. Haque, U. Kakade and B. K. Patra, Dissociation of quarkonium in an

anisotropic hot QCD medium, Phys. Rev. D 88 (2013) 054022, [1212.2803].

238



BIBLIOGRAPHY

[232]

[233]

[234]

[235]

[236]

[237]

[238]

[239]

239

W. M. Alberico, A. Beraudo, A. De Pace and A. Molinari, Potential models and
lattice correlators for quarkonia at finite temperature, Phys. Rev. D 77 (2008)

017502, [0706.2846].

C. S. Machado, F. S. Navarra, E. G. de Oliveira, J. Noronha and M. Strickland,
Heavy quarkonium production in a strong magnetic field, Phys. Rev. D 88 (2013)
034009, [1305.3308].

X. Guo, S. Shi, N. Xu, Z. Xu and P. Zhuang, Magnetic Field Effect on Charmonium
Production in High Energy Nuclear Collisions, Phys. Lett. B 751 (2015) 215-219,

[1502.04407].

K. Marasinghe and K. Tuchin, Quarkonium dissociation in quark-gluon plasma via

ionization in magnetic field, Phys. Rev. C 84 (2011) 044908, [1103.1329].

D.-L. Yang and B. Muller, .J /v Production by Magnetic Excitation of 1., J. Phys. G
39 (2012) 015007, [1108.2525].

M. Hasan, B. Chatterjee and B. K. Patra, Heavy Quark Potential in a static and
strong homogeneous magnetic field, Eur. Phys. J. C 77 (2017) 767,

[1703.10508].

C. Bonati, M. D’Elia, M. Mariti, M. Mesiti, F. Negro, A. Rucci et al., Magnetic
field effects on the static quark potential at zero and finite temperature, Phys. Rev.

D 94 (2016) 094007,[1607.08160].

C. Bonati, M. D’Elia, M. Mariti, M. Mesiti, F. Negro, A. Rucci et al., Screening
masses in strong external magnetic fields, Phys. Rev. D 95 (2017) 074515,

[1703.00842].



[240]

[241]

[242]

[243]

[244]

[245]

[246]

Bibliography

K. Fukushima, K. Hattori, H.-U. Yee and Y. Yin, Heavy Quark Diffusion in Strong
Magnetic Fields at Weak Coupling and Implications for Elliptic Flow, Phys. Rev. D
93 (2016) 074028, [1512.03689].

S. K. Das, S. Plumari, S. Chatterjee, J. Alam, F. Scardina and V. Greco, Directed
Flow of Charm Quarks as a Witness of the Initial Strong Magnetic Field in
Ultra-Relativistic Heavy lon Collisions, Phys. Lett. B 768 (2017) 260-264,

[1608.02231].

A. E. Shabad and V. V. Usov, Real and virtual photons in an external constant
electromagnetic field of most general form, Phys. Rev. D 81 (2010) 125008,

[1002.1813].

K. Hattori and K. Itakura, Vacuum birefringence in strong magnetic fields: (1)
Photon polarization tensor with all the Landau levels, Annals Phys. 330 (2013)

23-54,[1209.2663].

M. Bordag and V. Skalozub, Polarization tensor of charged gluons in color
magnetic background field at finite temperature, Phys. Rev. D 77 (2008) 105013,

[0801.2306].

J. Chao, L. Yu and M. Huang, Zeta function regularization of the photon
polarization tensor for a magnetized vacuum, Phys. Rev. D 90 (2014) 045033,

[1403.0442].

N. Mueller, J. A. Bonnet and C. S. Fischer, Dynamical quark mass generation in a

strong external magnetic field, Phys. Rev. D 89 (2014) 094023,[1401.1647].

240



BIBLIOGRAPHY

[247]

[248]

[249]

[250]

[251]

[252]

[253]

[254]

241

A. Ayala, J. D. Castaiio Yepes, C. A. Dominguez, S. Hernandez-Ortiz, L. A.
Hernéndez, M. Loewe et al., Thermal corrections to the gluon magnetic Debye

mass, Rev. Mex. Fis. 66 (2020) 446461, [1805.07344].

A. Ayala, J. D. Castaiio Yepes, L. A. Herndndez, J. Salinas San Martin and
R. Zamora, Gluon polarization tensor and dispersion relation in a weakly

magnetized medium, Eur. Phys. J. A 57 (2021) 140, [2009.00830].

A. Ayala, J. D. Castafio Yepes, M. Loewe and E. Mufioz, Fermion mass and width

in QED in a magnetic field, Phys. Rev. D 104 (2021) 016006, [2104.04019].

E. Eichten, K. Gottfried, T. Kinoshita, J. B. Kogut, K. D. Lane and T.-M. Yan, The

Spectrum of Charmonium, Phys. Rev. Lett. 34 (1975) 369-372.

V. Agotiya, V. Chandra and B. K. Patra, Dissociation of quarkonium in hot QCD
medium: Modification of the inter-quark potential, Phys. Rev. C 80 (2009) 025210,

[0808.2699].

L. Thakur, U. Kakade and B. K. Patra, Dissociation of Quarkonium in a Complex

Potential, Phys. Rev. D 89 (2014) 094020, [1401.0172].

U. Kakade, B. K. Patra and L. Thakur, Complex potential and bottomonium

suppression at LHC energy, Int. J. Mod. Phys. A 30 (2015) 1550043.

V. K. Agotiya, V. Chandra, M. Y. Jamal and 1. Nilima, Dissociation of heavy
quarkonium in hot QCD medium in a quasiparticle model, Phys. Rev. D 94 (2016)
094006, [1610.03170].



Bibliography

[255] D. Lafferty and A. Rothkopf, Improved Gauss law model and in-medium heavy
quarkonium at finite density and velocity, Phys. Rev. D 101 (2020) 056010,

[1906.00035].

[256] L. Thakur, N. Haque and Y. Hirono, Heavy quarkonia in a bulk viscous medium,
JHEP 06 (2020) 071, [2004.034256].

[257] J. Alexandre, Vacuum polarization in thermal QED with an external magnetic field,

Phys. Rev. D 63 (2001) 073010, [hep-th/0009204].

[258] H. A. Weldon, Reformulation of finite temperature dilepton production, Phys. Rev.
D 42 (1990) 2384-2387.

[259] A. Ayala, J. J. Cobos-Martinez, M. Loewe, M. E. Tejeda-Yeomans and R. Zamora,
Finite temperature quark-gluon vertex with a magnetic field in the Hard Thermal

Loop approximation, Phys. Rev. D 91 (2015) 016007, [1410.63838].

[260] E.J. Ferrer, V. de la Incera and X. J. Wen, Quark Antiscreening at Strong Magnetic
Field and Inverse Magnetic Catalysis, Phys. Rev. D 91 (2015) 054006,

[1407.3503].

[261] Y. Burnier and A. Rothkopf, A gauge invariant Debye mass and the complex

heavy-quark potential, Phys. Lett. B 753 (2016) 232-236,[1506.08684].

[262] PARTICLE DATA GROUP collaboration, K. A. Olive et al., Review of Particle

Physics, Chin. Phys. C 38 (2014) 090001.

[263] ALICE collaboration, K. Aamodt et al., Charged-particle multiplicity density at
mid-rapidity in central Pb-Pb collisions at \/Syny = 2.76 TeV, Phys. Rev. Lett. 105
(2010) 252301, [1011.3916].

242



BIBLIOGRAPHY

[264]

[265]

[266]

[267]

[268]

[269]

[270]

STAR collaboration, J. Adams et al., Experimental and theoretical challenges in
the search for the quark gluon plasma: The STAR Collaboration’s critical
assessment of the evidence from RHIC collisions, Nucl. Phys. A 757 (2005)

102-183, [nucl-ex/0501009].

P. Romatschke and U. Romatschke, Viscosity Information from Relativistic Nuclear
Collisions: How Perfect is the Fluid Observed at RHIC?, Phys. Rev. Lett. 99 (2007)

172301, [0706.1522].

M. Gell-Mann and M. Levy, The axial vector current in beta decay, Nuovo Cim. 16

(1960) 705.

A. Ayala, R. L. S. Farias, S. Hernandez-Ortiz, L. A. Hernadndez, D. M. Paret and
R. Zamora, Magnetic field-dependence of the neutral pion mass in the linear sigma
model coupled to quarks: The weak field case, Phys. Rev. D 98 (2018) 114008,

[1809.08312].

F. Divotgey, P. Kovacs, F. Giacosa and D. H. Rischke, Low-energy limit of the

extended Linear Sigma Model, Eur. Phys. J. A 54 (2018) 5, [1605.05154].

N. Petropoulos, Linear sigma model at finite temperature, other thesis, 2, 2004.

M. Loewe, C. Villavicencio and R. Zamora, Linear sigma model and the formation
of a charged pion condensate in the presence of an external magnetic field, Phys.

Rev. D 89 (2014) 016004, [1310.5789].

[271] P. Chakraborty and J. I. Kapusta, Quasi-Particle Theory of Shear and Bulk

243

Viscosities of Hadronic Matter, Phys. Rev. C 83 (2011) 014906, [1006.0257].



Bibliography

[272] M. Heffernan, S. Jeon and C. Gale, Hadronic transport coefficients from the linear

o model at finite temperature, Phys. Rev. C 102 (2020) 034906, [2005.12793].

[273] S. Gavin, TRANSPORT COEFFICIENTS IN ULTRARELATIVISTIC HEAVY ION
COLLISIONS, Nucl. Phys. A 435 (1985) 826-843.

[274] S. Jeon, Hydrodynamic transport coefficients in relativistic scalar field theory,

Phys. Rev. D 52 (1995) 3591-3642, [nep—-ph/9409250].

[275] S. Ghosh and S. Ghosh, One-loop Kubo estimations of the shear and bulk viscous
coefficients for hot and magnetized Bosonic and Fermionic systems, Phys. Rev. D

103 (2021) 096015, [2011.04261].

[276] S. Satapathy, S. Ghosh and S. Ghosh, Kubo estimation of the electrical conductivity

for a hot relativistic fluid in the presence of a magnetic field, Phys. Rev. D 104
(2021) 056030, [2104.03917].

[277] K. Tuchin, On viscous flow and azimuthal anisotropy of quark-gluon plasma in

strong magnetic field, J. Phys. G 39 (2012) 025010, [1108.4394].

[278] S. Ghosh, B. Chatterjee, P. Mohanty, A. Mukharjee and H. Mishra, Impact of
magnetic field on shear viscosity of quark matter in Nambu—Jona-Lasinio model,

Phys. Rev. D 100 (2019) 034024, [1804.00812].

[279] A. Dash, S. Samanta, J. Dey, U. Gangopadhyaya, S. Ghosh and V. Roy, Anisotropic
transport properties of a hadron resonance gas in a magnetic field, Phys. Rev. D

102 (2020) 016016, [2002.08781].

[280] S. Hess, Tensors for Physics. 2015, 10.1007/978-3-319-12787-3.

244



BIBLIOGRAPHY

[281] A. Das, H. Mishra and R. K. Mohapatra, Transport coefficients of hot and dense
hadron gas in a magnetic field: a relaxation time approach, Phys. Rev. D 100

(2019) 114004, [1909.06202].

[282] K. Hattori, S. Li, D. Satow and H.-U. Yee, Longitudinal Conductivity in Strong
Magnetic Field in Perturbative QCD: Complete Leading Order, Phys. Rev. D 95

(2017) 076008, [1610.06839].

[283] O. Scavenius, A. Mocsy, I. N. Mishustin and D. H. Rischke, Chiral phase
transition within effective models with constituent quarks, Phys. Rev. C 64 (2001)

045202, [nucl-th/0007030].

[284] G.P. Kadam and H. Mishra, Medium modification of hadron masses and the
thermodynamics of the hadron resonance gas model, Phys. Rev. C 93 (2016)

025205,[1509.06998].

[285] A. Ayala, P. Amore and A. Aranda, Pion dispersion relation at finite density and

temperature, Phys. Rev. C 66 (2002) 045205, [hep—ph/0207081].

[286] A. Ayala and S. Sahu, Pion propagation in the linear sigma model at finite

temperature, Phys. Rev. D 62 (2000) 056007, [hep-ph/0003266].

[287] A. Abhishek, H. Mishra and S. Ghosh, Transport coefficients in the Polyakov quark
meson coupling model: A relaxation time approximation, Phys. Rev. D 97 (2018)

014005, [1709.08013].

[288] R. Ghosh, B. Karmakar and A. Mukherjee, Covariant formulation of gluon
self-energy in presence of ellipsoidal anisotropy, Phys. Rev. D 102 (2020) 114002,

[2011.03374].

245



Bibliography

[289] J. O. Andersen, E. Braaten, E. Petitgirard and M. Strickland, HTL perturbation

theory to two loops, Phys. Rev. D 66 (2002) 085016, [hep-ph/0205085].

[290] W. Greiner, Relativistic quantum mechanics: Wave equations. 1990.

[291] M. R. Setare and O. Hatami, Exact Solution of Klein—Gordon Equation for
Charged Farticle in Magnetic Field with Shape Invariant Method, Commun. Theor.
Phys. 51 (2009) 1000-1002.

246



