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In the field of high-energy nuclear physics, ultrarelativistic heavy-ion collisions serve as a
one-of-a-kind laboratory for investigating the extreme properties of matter. These collisions
involve massive nuclei, such as lead or gold, colliding with energies in the trillions of electron
volts per nucleon range. These collisions produce an environment where the strong force,
as described by quantum chromodynamics (QCD), is the dominant force. In particular,
the collisions generate a state of matter known as the quark-gluon plasma (QGP), which is
characterized by a state of quarks and gluons that is not confined inside hadrons such as
protons and neutrons. The QGP is an intriguing state of matter that provides insights into
the behavior of dense astrophysical objects and the early universe. It is produced when the
energy density of the collision reaches a critical threshold, resulting in the transition from
the confined to the unconfined state of quarks and gluons. The QGP is a hot and dense
system, with temperatures on the order of trillions of Kelvin and densities several orders of
magnitude greater than the density of atomic nuclei in ordinary matter.

In the initial phases of a heavy-ion collision, the system is far from thermal equilib-
rium and possesses a highly anisotropic pressure. The pressure anisotropy results from the
longitudinal expansion being more rapid than the transverse expansion. The dynamics of

the system cannot be adequately described by ideal hydrodynamics, which assumes local



isotropic thermal equilibrium at all times. To account for the pressure anisotropy and non-
equilibrium nature of the QGP, a framework known as anisotropic hydrodynamics has been
developed. Anisotropic hydrodynamics (aHydro) is a useful tool for describing the evolution
of the QGP, especially during the early non-equilibrium evolution of the QGP. It goes be-
yond the ideal hydrodynamic limit by incorporating dissipative transport coefficients, such as
shear viscosity, which are essential for accurately modeling the system’s dynamics. aHydro
accounts for the anisotropic character of the pressure tensor and permits a more accurate
description of the evolution of the QGP.

In addition, the introduction of the quasiparticle formulation of anisotropic hydrody-
namics (aHydroQP) is a recent development in the field. This formulation integrates the
concept of quasiparticles and extends the aHydro framework to a full 3+1D framework with
a realistic equation of state. Quasiparticles are effective degrees of freedom that arise in the
QGP as a result of strong interactions. The aHydroQP method provides a more exhaustive
description of the QGP’s behavior, enabling a phenomenological analysis of heavy-ion col-
lision data at various energies. Significant emphasis has been placed on conformal theories
in hydrodynamics, where the equations of motion exhibit scale invariance. In conformal
systems, the existence and properties of hydrodynamic attractors have been the subject of
extensive investigation. These attractor solutions are insensitive to the initial conditions of
the system and describe the approach of the system towards thermal equilibrium. Under-
standing the behavior of conformal systems has yielded significant insights into the dynamics
of non-equilibrium relativistic systems. However, the study of hydrodynamic attractors in
non-conformal kinetic theories remains an open question. Non-conformal systems possess
additional scales, thereby destroying the scale invariance of conformal theories. Exploring
the behavior of non-conformal systems is crucial for gaining a comprehensive understanding

of dynamics in far-from-equilibrium situations that are more phenomenologically realistic.



In this dissertation, the primary objective is to increase our knowledge of the non-
equilibrium dynamics of the QGP in ultrarelativistic heavy-ion collisions. Because of that,
we intend to develop an improved ansatz for the distribution function in anisotropic hydro-
dynamics, aiming specifically for a more precise representation of moments with [ = 0. Due
to the inadequacy of the early assumption of ideal hydrodynamics and local isotropic ther-
mal equilibrium in capturing the complex dynamics of the QGP, the canonical formulation
of aHydro provided adequate descriptions of moments with nonzero longitudinal momentum
(I > 0). However, it failed to describe moments with [ = 0 accurately. This inadequacy was
attributed to the limitations of a single ellipsoidal form in representing the two-component
nature of exact solutions to the Boltzmann equation in the relaxation time approximation.

To address this limitation, a revised ansatz is proposed that incorporates an explicit
separation of free-streaming and equilibrating contributions in the distribution function.
This study demonstrates that this improved ansatz yields much better agreement with exact
results available in the literature for the evolution of moments, especially those that do
not contain power of the longitudinal momentum. By obtaining more precise dynamical
equations and extracting the non-equilibrium attractor associated with this enhanced ansatz,
a more accurate representation of the non-equilibrium dynamics of the QGP is obtained. As
result, this research has the potential to enhance our understanding of the behavior of the
QGP and enhance the theoretical frameworks used to investigate ultrarelativistic heavy-ion
collisions. By refining the description of non-equilibrium dynamics, it contributes to the
development of more precise models and a deeper understanding of the QGP’s complex
phenomena.

Moreover, experiments conducted at the Relativistic Heavy Ion Collider (RHIC) and
the Large Hadron Collider (LHC) are designed to recreate conditions comparable to those

in the early universe and during astrophysical mergers. Under these conditions of high



temperatures and net baryon densities, nuclear matter undergoes a phase transition from
quarks and gluons confined within hadrons to the deconfined QGP state. Calculations based
on lattice quantum chromodynamics (LQCD) have determined the temperature at which
this deconfinement transition occurs, yielding important insights into the QCD equation of
state. For modeling the spatiotemporal dynamics of the QGP in ultrarelativistic heavy-ion
collisions, relativistic viscous hydrodynamics has proven to be an indispensable instrument.

For a more accurate description, it became apparent that dissipative transport coef-
ficients, such as shear viscosity, must be included. This resulted in the development of
second-order viscous hydrodynamics, which effectively incorporated dissipative effects and
allowed for constraints on the shear viscosity to entropy density ratio. However, the ap-
plication of second-order viscous hydrodynamics to the early phases of the collision, where
the system is far from equilibrium and exhibits significant pressure anisotropy along the
beam-line direction was problematic. Early on, it was difficult for fixed-order truncations of
viscous hydrodynamics to accurately represent the large viscous corrections.

To address these issues, aHydro was used, employing a distribution function that assured
probability positivity and non-negativity. The original formulation was centered on boost-
invariant conformal Bjorken expansion, but subsequent work has expanded it to incorporate
more realistic characteristics associated with heavy-ion collisions. This part of the research
endeavor has dual objectives. The first objective of the project is to demonstrate that
aHydro automatically includes an infinite series of terms when expanded as a power series
in the inverse shear Reynolds number, thereby providing an infinite order resummation of
viscous contributions to all orders. The second focus of the research is aHydroQP in a full
3+1D framework, which surpasses traditional approaches and allows for phenomenological
applications to heavy-ion collision experiments at RHIC and LHC energies. By refining

the theoretical frameworks used in ultrarelativistic heavy-ion collision studies, this research



seeks to describe various bulk observables of the QGP using anisotropic hydrodynamics
and compare the results with experimental data at different collision energies. This will
contribute to a more thorough characterization of the QGP and provide valuable insights
into the physics at play.

Understanding the success of aHydro has led researchers to consider the topic of dynam-
ical hydrodynamic attractors. Extensive research has been conducted on the existence of
hydrodynamic attractors in conformal theories but less so in non-conformal theories. Im-
portant insights into the behavior of relativistic systems have been gleaned from studies of
conformal systems. However, the existence of hydrodynamic attractors in non-conformal
kinetic theories remains unanswered. This raises the intriguing issue of whether or not hy-
drodynamic attractor theories extend beyond conformal theories. Exploring the behavior of
non-conformal systems is crucial for gaining a comprehensive understanding of dynamics in
situations far from equilibrium that are phenomenologically relevant. In addition, the influ-
ence of a realistic mass- and temperature-dependent relaxation time on the behavior of an
attractor has not been studied in detail. Understanding the interaction between relaxation
dynamics and the emergence of attractor solutions can cast light on the evolution of non-
conformal systems at the macroscopic level. In addition, we plan to investigate the impact
of initial conditions on the time-dependent evolution of integral moments of the one-particle
distribution function. We aim to investigate how the initial momentum-space anisotropy
and initialization time influence the emergence and persistence of hydrodynamic attractors.

Our findings indicate the existence of an attractor for the scaled longitudinal pressure, but
not for the shear and bulk viscous corrections separately. Additionally, our results provide
evidence for both early- and late-time attractors for all moments of the one-particle distri-
bution function containing greater than one power of the longitudinal momentum squared.

By answering these questions, we aim to shed light on the behavior of non-conformal kinetic



theories, reveal the role of relaxation dynamics, and examine the sensitivity of the system to
initial conditions. This research contributes not only to the fundamental understanding of
far-from-equilibrium dynamics, but also to the description of relativistic systems in diverse

physical contexts.
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Chapter 1

Introduction

In the early moments of the universe, after the Big Bang, a quark-gluon plasma (QGP)
was formed, consisting of weakly-interacting quarks, the building blocks of matter, and
gluons, the carriers of the strong force. This mixture was dominated by high-speed particles
in an incredibly hot and dense soup. To recreate these conditions, powerful accelerators
collide heavy ions, such as gold or lead resulting in a tiny but extremely hot fireball in
which everything melts into a QGP. This plasma cools rapidly, and the individual quarks
and gluons reform into ordinary hadronic matter that flies away, leaving behind debris that
contains particles such as pions, kaons, protons, and neutrons, as well as antiprotons and
antineutrons, etc. The momentum distribution and energy of this debris can reveal much
about the plasma, which behaves almost like a perfect fluid with little viscosity.

To observe QGP on Earth, high-energy particle collisions are required. These collisions
take place at the Relativistic Heavy Ion Collider (RHIC) at Brookhaven National Laboratory
or the Large Hadron Collider (LHC) at CERN in Switzerland, where fast-moving lead or
gold nuclei collide at high speeds, creating a short-lived plasma that can be studied. The
properties of the QGP can also be explored through theory, using quantum chromodynamics
(QCD) to describe the interactions between quarks and gluons. However, due to the vast
number of variables involved, solving these complex interactions requires advanced parallel
computing resources.

For many years, experimental physicists have been attempting to create QGP and finally
reported success about two decades ago. During this time, theorists have also been developing

the equations that govern this state of matter and have worked alongside experimentalists
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to better understand it.

In this introduction, we delve into the basics of the Standard Model, which describes the
interactions between the fundamental building blocks of matter that are governed by four
fundamental forces. We start by providing a succinct overview of Quantum Chromodynamics
(QCD), the underlying theory of strong interactions. Next, we take a closer look at the
structure of hadrons, made up of quarks and gluons, with a special emphasis on confinement
and phase transitions. We then proceed to define the quark-gluon plasma (QGP) and explore
the circumstances under which hadrons can disintegrate into deconfined quarks and gluons.
To better understand the properties of QGP, we explain high-energy heavy-ion collisions,
which provide a unique opportunity to study this state of matter in a laboratory setting. We
also examine the most promising experimental signatures of the QGP produced in nucleus-
nucleus collisions. Finally, we conclude by considering the future of quark-gluon plasma

research and what we can expect from future accelerators.

1.1 The Standard Model

Since the 1930s, the theories and discoveries of thousands of physicists have led to an
amazing understanding of the basic structure of matter: everything in the universe is made of
a small number of basic building blocks called fundamental particles, which are controlled by
four fundamental forces. The Standard Model of particle physics is the best way to explain
how these particles and three of the forces relate to each other [20-25]. Since it was created
in the early 1970s, it has been able to explain almost all experimental results and make
accurate predictions concerning a wide range of phenomena. The Standard Model has been

proven to be an excellent theory of physics over time and through many experiments [26-28].



1.1.1 Matter particles

The Standard Model of particle physics provides a framework for understanding the
interactions of the fundamental constituents of matter. In this model, quarks and leptons
are the two main categories of elementary particles that make up everything in the universe.
There are six types of particles in each category, arranged into three generations. The
first generation, which is made up of the lightest and most stable particles, includes the
“up” and “down” quarks and the “electron” and “electron neutrino.” The second and third
generations are composed of heavier and less stable particles, but they can still contribute to
the stability of matter in various ways. For example, the heavier particles can quickly decay
into lighter and more stable particles, and the resulting particles can be a part of stable
matter. Additionally, the heavier particles can participate in the formation of composite
particles such as hadrons, which are made up of quarks and gluons, and can be stable.
Quarks come in three “colors” and can only combine in such a way as to result in colorless
objects, such as hadrons. Leptons, on the other hand, can be electrically charged or neutral,

PR A4

and they have varying amounts of mass. For example, the “electron,” “muon,” and “tau” are
charged and have significant mass, while the corresponding neutrinos are electrically neutral

and have very little mass.

1.1.2 Forces and carrier particles

The four fundamental forces operating in the universe are the strong force, weak force,
electromagnetic force, and gravitational force. These forces each have unique strengths and
operate within different ranges. Gravity is the weakest of the four forces, but it has an
infinite range. The electromagnetic force is stronger than gravity and has an essentially
infinite range as well. The strong and weak forces only operate over short distances and are
dominant only at the level of subatomic particles. The strong force is the strongest of the

four fundamental forces.
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Figure 1: The Standard Model in Heavy Ion Collisions illustrates the fundamental building
blocks of the universe. Source: CERN.

The interaction between matter particles and the forces they experience is facilitated by
the exchange of bosons, also known as force-carrier particles, which means matter particles
can exchange specific amounts of energy. The strong force is carried by the gluon, the
electromagnetic force by the photon, and the weak force by the W and Z bosons. The
hypothetical! boson carrying the force of gravity is called the graviton, but it has not yet
been discovered.

The Standard Model of particle physics includes the electromagnetic, strong, and weak
forces, as well as their respective bosons. It explains the interactions between the force

carriers (boson) and matter particles (fermions). However, gravity is not included in the

!The graviton is described as “hypothetical” because it has not been experimentally observed or detected.
In physics and scientific research, a “hypothetical” particle or entity is one that has been predicted or
proposed by theoretical models and equations but has not yet been explicitly observed or confirmed by
experimental evidence.



Standard Model as it has been difficult to incorporate within the framework due to the
mathematical incompatibility between the general theory of relativity and quantum theory,
which describe macro and micro phenomena, respectively [29-33]. Nevertheless, the influence
of gravity on particles is typically so small that it can be ignored in the context of particle
physics. The gravitational effect only becomes significant when matter is in bulk, such as

planets or large objects like the human body.

1.2 Quantum chromodynamics

Quantum chromodynamics (QCD) is a fundamental theory of particle physics that ex-
plains the strong nuclear force. It describes the interaction between quarks and gluons,
which are the building blocks of matter. The strong force holds quarks together to form pro-
tons and neutrons and keeps these particles bound within the atomic nucleus. As a result,
strongly interacting matter can exist in a variety of phases, including a nuclear liquid phase,
a hadronic gas phase, and the quark-gluon plasma phase [34-37]. In this way, QCD plays a

crucial role in understanding the properties and behavior of matter in the universe.

1.2.1 The Lagrangian of QCD

The QCD Lagrangian is a mathematical equation that describes the interactions between
quarks and gluons. It consists of a combination of terms that describe the different types of
interactions between quarks and gluons. It includes terms that describe the kinetic energy
of quarks and gluons, as well as terms that describe the interactions between quarks and
gluons via the exchange of gluons. The QCD Lagrangian also includes a term known as the
“color charge” term, which describes the fact that quarks come in three different “colors”
(red, green, and blue) that are related to the strong force. This term is important because
it allows quarks and gluons to interact with one another via the exchange of gluons, which

carry the strong force between them. The complex phenomenology of the strong interaction
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Figure 2: Illustration of a quark-gluon, 3- and 4-gluon vertices vertex in QCD [1].

is represented in an apparently straightforward Lagrangian [36,38-40]. The QCD Lagrangian

is

Ny
. c ]‘ a v
Locp = G5(iv" Dy — my)q§ — 1CwGa” (1.1)
f

e Lqcep: This is the symbol for the Lagrangian density which is a mathematical function
that describes the dynamics of quarks and gluons. It consists of two main terms: the

quark term and the gluon term.

° chvf : This indicates a sum over all flavors f, where Ny is the number of quark flavors.

In this Lagrangian, there are Ny different quark fields, each with its own mass my.

e ¢§: This is the conjugate of the quark field g. The subscript ¢ =1,..., N, with N. = 3
being a color index, which indicates that quarks come in three different colors (red,
green, and blue). The subscript f is the quark/anti-quarks flavor index, which distin-

guishes between different types of quarks where f = up, down, strange, charm, bottom, top.

e ~#: This is a Dirac matrix that expresses the vector nature of the strong interaction
with the matrix encoding the spin properties of the quark field. The symbol u is a

Lorentz four vector index.

e D,: This is the covariant derivative of the quark field, which describes how the quark

field changes as it moves through space-time. The covariant derivative acting on the



quark fields is
)\a

Dy =0, —ig A (1.2)

where g, the strong coupling (related to a, by ¢g? = 4ma,; we return to the strong
coupling in more detail below), A7, is the gluon fields which is a vector field labeled by
an adjoint color index a = 1,...,8. The octet of gluon fields can be used to construct
a matrix valued field A, = AZ’\Q—a, where A\ is a set of traceless, Hermitian, 3 x 3
matrices. Additionally, local gauge invariance, which is a fundamental symmetry in

gauge theories, is preserved by the covariant derivative in the QCD Lagrangian.

my: This is the mass of the quark. The mass of a quark determines its behavior, and is

one of the parameters that must be specified in order to fully describe the quark field.

G, GLY: This represents the gluon term. It describes the gluon self-interactions and
the energy of the gluon field. It is proportional to the square of the field strength
tensor. The factor of —1 is sets the magnitude of the gluon term and is specified

4

uniquely at the Lagrangian level.

G+ This is the field strength tensor for the gluon field. It is defined by the equation

1

G, ==+
pv igs

(D, D] = 8,A% — ,A% + g, f AL AC (1.3)

potv

and fob¢ = 4i Tr([A%, \’]\¢) is a set of numbers called the SU(3) structure constants.
The gluon field is the field that mediates the strong force between quarks. The field
strength tensor describes the strength and direction of the gluon field at a given point
in space-time. The superscript a is an index that distinguishes between different types
of gluons. Since gluons consist of all possible combinations of color and anti-color

charge which possess a total color charge there are eight of them (in general, N? — 1)



1.2.2 Confinement and Asymptotic Freedom in QCD

The two central features of QCD are confinement and asymptotic freedom, which play

a crucial role in understanding the behavior of the strong force.

e Confinement in QCD is a fundamental property that characterizes quark and gluon
behavior at low energies or long distances. It refers to the property that quarks and
gluons are permanently confined inside hadrons at low energy or large distances and
cannot be isolated as individual particles [41,42]. Instead, as quarks are separated,
the energy in the system rises, which causes new quark-antiquark pairs or gluon pairs
to spontaneously form out of the vacuum. These newly formed quarks and gluons are
immediately joined to create new hadrons, ensuring their confinement within color-

neutral bound states.

e Asymptotic Freedom is the property of QCD which states that the interaction
between quarks and gluons becomes weaker at high energies or short distances. This
means that as the energy of a quark-gluon system increases, the particles are free to
move more independently, whereas at lower energies they are more strongly bound.
This property was first predicted by theorists (particularly by David Gross, Frank
Wilezek, and David Politzer) in the 1970s and has since been experimentally confirmed,
leading to its acceptance as a key aspect of the theory of QCD [43,44], which resulted
that David Gross, Frank Wilczek, and David Politzer were awarded the Nobel Prize
in Physics in 2004 for their contributions to the understanding of the strong force and

Asymptotic Freedom.

1.2.3 The coupling constant in QCD
In QCD, the coupling constant, also known as the strong coupling constant, is a funda-

mental dimensionless parameter that describes the strength of the strong interaction between
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Figure 3: (Left) The average value of a4(M%) and its uncertainty for seven sub-fields [2].
(Top) Summary of measurements of s as a function of the energy scale () where depending
on the energy scale, the strength of the strong force can be either weak or strong [2]. (Bottom)
the running coupling constant is divided into two regions perturbative and non-perturbative,
each with its own characteristics [3].
quarks and gluons as a function of energy. Therefore, it determines the behavior of the par-
ticles at different energy scales. The strong interaction is responsible for binding quarks
together to form protons and neutrons, and these, in turn, make up the atomic nucleus. The
value of the coupling constant determines the range of the strong force and the rate at which
energy is exchanged between strongly interacting particles.
This parameter is denoted by the symbol «; and is related to the QCD scale parameter,
denoted by Agcp. The coupling constant in QCD at the momentum scale Q) is approximately
2 2
g as(A?)
as(QQ) = -

dm 14 e g 2y &

(1.4)

where Ny is the number of flavors and A ~ 100 MeV is the QCD scale parameter. The value
of a4 is proportional to the strength of the interaction and it decreases with increasing energy.

The scale parameter A sets the momentum below which the theory becomes confining.



The running coupling constant in QCD has a divergence at a scale known as Agep 2,
which is the characteristic energy scale of the strong interaction. At this scale, the value
of the coupling constant becomes large, signaling the breakdown of perturbative methods.
The fact ag becomes large at low momentum is a key feature of QCD and is related to the
confinement of quarks and gluons, meaning that they cannot exist as free particles at low
energies. Instead, they must be bound together in hadrons, such as protons and neutrons.
The value of the running coupling constant «, changes over the mass range of typical particles
(the energy scale), and it can be described in terms of two regions: perturbative and non-
perturbative as illustrated in Fig. 3 at the bottom. Depending on the energy scale, the
strength of the strong force can be either weak or strong.

In the perturbative region, where the energy scale is much higher than the confinement
scale Agcop, the behavior of a; can be described by perturbative QCD (pQCD) calculations,
which are based on the expansion of the QCD Lagrangian in powers of the coupling constant.
In this region, «y is small and the strong force can be treated as a weak perturbation which
reflects the asymptotic freedom. This means that at high energies, quarks and gluons interact
weakly and can be treated as nearly free particles. In this region, the interactions can be
treated as a series of small corrections to the free particle motion. In the non-perturbative
region, where the energy scale is close to or lower than Agcp, the behavior of o cannot be
described by perturbative calculations and must be studied using non-perturbative methods
such as lattice QCD simulations or effective field theories. In this region, ay is large and the
strong force results in significant interactions between quarks and gluons and to confinement
of quarks and gluons inside hadrons.

Eq. (1.4) shows that the coupling constant is small when @ > A%p. Therefore the

interactions with a large momentum transfer can be treated in the perturbative way. The

2Tt is worth noting that Agcep is a scale parameter in QCD that separates the perturbative and non-
perturbative regions. It is not a physical mass, but rather a parameter that determines the energy scale at
which the transition from perturbative to non-perturbative behavior occurs.
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Figure 4: The QCD phase diagram illustrates the phases of strongly interacting matter, such
as quarks and gluons, at different temperatures and densities [4].

value of aj is known, and it is estimated to be around 0.12 at high energies () = mass of
the Z boson)and around 0.5 at low energies as shown in figure 3 at the top. It is determined
experimentally through a variety of means, including deep-inelastic scattering experiments,
lattice QCD simulations, and studies of hadronic spectra. In Fig. 3 on the left we provide

an overview of recent measurements of a,(M%) from several sub-fields and experiments.

1.2.4 QCD phase transition and its diagram

The Quantum Chromodynamics phase diagram is a graphical representation that uses
the temperature 7" and baryon chemical potential pp as coordinates to depict the different
phases of strongly interacting matter, such as quarks and gluons, as predicted by the theory of
QCD. The baryon chemical potential in this context is a measure of the imbalance between
quarks and anti-quarks, i.e., the relative abundance of matter vs antimatter. The phase
diagram is particularly important in the study of nuclear matter, which is composed of
protons and neutrons which themselves are made up of quarks and gluons.

The QCD phase diagram is roughly divided into three regions: the hadronic phase, the
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quark-gluon plasma phase (QGP), and the color superconducting phase as shown in figure

4.

e The quark-gluon plasma phase is the region where quarks and gluons are no longer
confined inside hadrons and can move approximately freely (the particles are highly
energetic) because the strong force, which is responsible for the confinement of quarks
and gluons within hadrons is effectively screened.® This phase is characterized by high
temperatures and/or densities. It was studied at Brookhaven National Laboratory’s
Relativistic Heavy Ion Collider (RHIC) and CERN’s Large Hadron Collider (LHC). It
is thought that this phase of matter may have existed in the early universe, for a few
microseconds after the Big Bang, when it was hot enough for quarks and gluons to be
weakly-interacting independently. In this phase the quarks and gluons are deconfined

and chiral symmetry is restored [45].

e The hadronic phase is characterized by low temperatures and densities, and it corre-
sponds to the vacuum state of QCD. In this region the matter is composed of strongly
interacting protons and neutrons, which are made up of quarks and gluons, which
are confined inside hadrons because of the strong coupling at low energies. In other
words, the strong force becomes less screened. In this phase, the system undergoes a
second-order phase transition, in which the confinement of quarks and gluons within
hadrons is observed. This phase transition is also associated with the restoration of
chiral symmetry, which is broken in the hadronic phase due to the formation of a con-
densate of quark-antiquark pairs. The hadronic phase is characterized by the presence

of bound states of quarks and gluons, such as protons, neutrons, and mesons, which are

3In this context, “screened” refers to the reduction in the strength of the strong force at short distances
due to the presence of other charges in the system. The screening of the strong force in the plasma phase
is due to the presence of free color-charged particles in the plasma, which can interact with the gluons that
carry the strong force. This interaction can cause the gluons to “dress” or acquire an effective mass, which
reduces the strength of the strong force at short distances.
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analogous to the matter that comprises the macroscopic world we observe in everyday

life.

e The color superconducting phase occurs at extremely high densities and low temper-
atures. It is believed that quarks and gluons may bind together into a more tightly
bound state. In this phase, quarks are expected to form pairs and behave like a fluid,
resulting in unusual properties such as the ability to conduct color currents without

resistance.

Moreover, the phase diagram consists of several key components, including a crossover transi-

tion, a first-order phase transition, a critical point, and a line of first-order phase transitions.

e At intermediate temperatures and chemical potentials, the system exhibits a crossover
behavior (yellow strip) in figure 4, where there is a smooth, continuous transition
between the hadronic phase and the QGP phase without the need for a discontinu-
ous phase transition. In a crossover transition, the properties of the system change

smoothly as the temperature or density is increased or decreased.

e On the other hand, a first-order phase transition is a transition between two phases
that is marked by a discontinuous change in properties of the system (abruptly), such
as the energy density and the pressure, and there is a clear boundary between the two

phases.

e The critical point in the QCD phase diagram separates the regions where the transition
between QGP and hadronic matter is smooth (crossover transition) and abrupt (first-
order phase transition) depending on the temperature and density. At high densities
before one gets the critical point, the transition is characterized by a sharp change
because the properties of the system, such as the energy density and the pressure
change rapidly. However, at the critical point the transition becomes a second-order
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phase transition, where thermodynamic quantities are continuous but their derivatives
may be discontinuous. The critical point has not been experimentally found yet, but

it is a subject of active research.

In conclusion, the QCD phase diagram is a complex and active area of research, as scientists
are still trying to understand the properties and behavior of quarks and gluons at different
temperatures and densities, and to locate the critical point and understand the properties
of the QCD vacuum. It is important to note that the QCD phase diagram is still not fully

understood, and many aspects of it remain a subject of active research.

1.3 High energy and heavy ion collision
The field of physics that studies ultra-relativistic heavy-ion collisions brings together
the principles of high-energy particle physics and nuclear physics. The term “heavy-ions”

Y

refers to heavy atomic nuclei, while the term “ultra-relativistic energy” indicates an energy
regime where kinetic energy is a large multiple of the rest energy [46,47]. In high-energy
particle physics, interactions between single particles (such as leptons, quarks, and hadrons)
are derived from first principles, while in nuclear physics, interactions are modeled through
effective models for more complex objects like nuclei. In the field of ultra-relativistic heavy-
ion collisions, the goal is to understand the properties of hot and dense nuclear and hadronic
matter in terms of fundamental interactions. This includes searching for new phases of
hadronic matter, identifying phase transitions, and reconstructing the phase diagram of
strongly interacting matter over a wide range of thermodynamic parameters such as tem-
perature, baryon chemical potential, and isospin chemical potential. Relativistic heavy-ion
experiments began to create a droplet of Quark-Gluon Plasma (QGP) through high-energy

collisions of ions. Initially, experiments with lighter ions did not show significant differences

from proton-proton collisions, but heavier ions later revealed new flow patterns. Currently,
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the world’s leading experimental facilities for this field are the Relativistic Heavy Ion Col-
lider (RHIC) at Brookhaven National Laboratory and the Large Hadron Collider (LHC)
at CERN. Gold and lead ions are typically used in these experiments, with gold being the
heaviest monoisotopic element. The process of these experiments involves heating the in-
tended element, vaporizing it, and accelerating it to ultrarelativistic speeds through multiple
stages. While RHIC was previously the dominant apparatus for QGP discoveries, the LHC
now has the highest collision energy. Currently, RHIC is focused on beam energy scans and
is planned to be transformed into an electron-ion collider to better understand the 3D wave
functions of hadrons and nuclei, as well as to better understand the role of gluons in the

building blocks of matter.

1.3.1 Stages of a heavy ion collision and theoretical tools

Relativistic collisions of heavy ions provide one of the few opportunities to investigate
nuclear matter in extreme laboratory settings. The center-of-mass collision energy per nu-
cleon pair /s and the shape of the colliding nuclei are the defining characteristics heavy-ion
collisions. Once the center-of-mass energy is more than the rest mass of the nuclei, or if 1/s/2
is greater than the nucleon mass, the collisions are considered relativistic. This indicates that
the nuclei move at a significant fraction of the speed of light ¢. Therefore, this implies that
the typical nucleons Lorentz contraction factor v of the collision might be approximated as

m”ch [total \/g
me®  m, 2 GeV’

v = (1.5)

where this equation shows the Lorentz factor that quantifies the relativistic effects expe-
rienced by the nucleons during the collision with m, is the rest mass of a proton m, =
938.6 MeV ~ 1 GeV with 1 GeV = 10° eV being the unit of energy used in high-energy

physics. In modern experiments, collision energies are in the TeV range, which means that
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Figure 5: The stages of a heavy ion collision [5].

~ > 1. This means that nucleons move at speeds very close to the speed of light, and that
kinetic energy, not rest mass energy, is the main source of energy when they collide with one
other. Moreover, high Lorentz contraction factors mean that the shape of nuclei appears
different in the center-of-mass frame compared to their shape at rest. A picture that is often
used to explain this is that a nucleus moving at relativistic speed looks more like a “pancake”

than a roughly spherical object due to relativistic length contraction

1. The initial stage denoted by the notation 7 < 0 (before the collision). For Au+Au
collisions at RHIC, the two beams of Lorentz-contracted gold nuclei were accelerated in
opposite directions in the RHIC ring and brought to collide (on the light-cone defined
by positions z = £t) once they reached their target energies which correspond to a
speed greater than 99.9% of the speed of light. The collision takes place at t = z = 0,
and any remnants of the nuclei that do not take part in the collision process leave the
collision region on the forward and backward light-cones. Interacting matter will lead
to energy deposition in the center of the collision region, close to z ~ 0. Initially, this
deposited energy will be far from equilibrium, and this early stage can be characterized
by a dense ensemble of gluons walls known as the Color Glass Condensate (CGC) at

sufficiently high collision energies, which could conceivably be reached at RHIC [48].
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Therefore, early after the collision the evolution in the directions transverse to the
initial beam direction (the “transverse plane”) can be assumed to be static, and the
dynamics is dominated by the longitudinal expansion of the system. Being interested
in the bulk dynamics of the matter created in a relativistic heavy-ion collision as well
as the primary theoretical methods used to explain or simulate these events, one can
divide the evolution into four stages in proper time 7 = /12 — 22, shown schematically

in figure 5.

. Pre-equilibrium stage and thermalization: The energetic collision of the two heavy
nuclei excites the QCD vacuum and forms a dense pre-equilibrium matter composed
of quarks, anti-quarks, and gluons. This stage is followed by thermalization. The pre-
equilibrium bulk matter requires around 1 fm/c ~ 10723 seconds for it to attain local

thermalization and create the quark-gluon plasma.

. QGP expansion and hadronization: The QGP rapidly expands and cools due to thermal
pressure gradients. When it reaches the critical temperature 7, (which is around 155
MeV), it hadronizes and transforms into hadronic matter, which is made up of a
combination of stable and unstable hadrons and hadron resonances. Throughout the
QGP expansion period, hadronization occurs continuously at the edge of the QGP
fireball. It takes roughly 10 fm/c for the QGP fireball to spread and entirely convert

to hadronic matter in central Au+Au collisions at RHIC.

. Hadronic expansion and decoupling: The hadronic matter continues to expand until it
becomes highly diluted. Once the local effective temperature of the system drops below
a certain limit (7" ~ 150 — 180 MeV), partons become confined within colorless hadrons
in a process known as hadronization, which occurs at 7 ~ 10 fm/c. The system then
transforms into an interacting hot hadron gas for several fm/c. At 7 ~ 20 fm/c, the

hadrons undergo chemical freezeout, where they stop interacting strongly and colliding
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inelastically, but the particle number remains conserved. This is followed by kinetic
freezeout, where the hadrons stop having any kind of collisions, and their momenta
remain constant. Finally, the hadrons move freely (free streaming) on straight lines
until they reach the detector, marking the end of the hadronic decoupling process. The
entire process, from the growth of the hadronic matter until the hadrons fly freely to
the detector without undergoing any further collisions, takes another 5 — 10 fm/c for

it to completely freeze out.

In the field of ultra-relativistic heavy-ion collisions, scientists study what happens when
heavy atomic nuclei collide with each other at very high energies. This creates a large
number of particles, much more than the number of particles that existed before the collision
(exceeding the number of initial nucleons by a factor of 10-100). To study these collisions,
scientists use different methods such as mathematical modeling and computer simulations.
When analyzing the effects of ultra-relativistic heavy-ion collisions, scientists often make
predictions based on thermodynamic (related to heat and temperature) or statistical (related
to probability) considerations. However, the systems of particles produced in these collisions
are not stationary and change over time, so a more dynamic approach is necessary. This is
where transport theories come in. These theories are used to describe processes that are not
in equilibrium. The matter produced in these collisions has a short lifespan, so there is a
growing interest in using these theories to understand what is happening.

In addition, researchers use microscopic Monte-Carlo simulations to make predictions.
These simulations are based on models of low energy hadron-hadron collisions and are used
as an extrapolation, or prediction, of what may happen in these types of collisions. Further-
more, there is also research being done to understand the effects of these collisions on the
behavior of particles and how they interact with each other. This involves using theories

from quantum physics, such as quantum field theory in and out of equilibrium. By using
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these methods, scientists hope to get a better understanding of the properties of the matter
created in these collisions and how it behaves. Overall, the field of ultra-relativistic heavy-ion
collisions is interdisciplinary and requires a combination of different approaches, including
thermodynamics, statistical methods, hydrodynamics, kinetic theory, field theory at finite
temperature and density, non-equilibrium field theory, and Monte-Carlo simulations to fully

understand the effects and properties of these collisions.

1.3.2 Quark-gluon plasma

The Quark-Gluon Plasma (QGP) is a state of matter that is hot, dense, and has strong
interactions. Unlike the normal hadronic state, where the partons (quarks and gluons)
are confined in colorless hadrons held together by the strong force, in QGP, the partons
are deconfined and free to move around [49]. This is due to the large population of color
charge carriers, leading to long-range color charge conductivity. To better understand the
properties of QGP, let’s consider a thought experiment. At low temperatures, the system
is composed of a gas of colorless hadrons, which are the eigenstates, or ground states, of
the QCD Hamiltonian at zero temperature. However, as the temperature increases and
the hadron interactions become more intense, the hadronic states no longer provide an
adequate description of the medium. At temperatures around 155 MeV and above, the
system transforms into QGP, where the degrees of freedom are the quarks and gluons.

There are two ways to generate the Quark-Gluon Plasma (QGP), a state of matter that

consists of free-moving quarks and gluons:

1. At extremely high densities: By squeezing a large number of baryons into a small
space, their wave functions start to overlap and they eventually dissolve into a system
of degenerate quark matter. This occurs at a critical baryon density, p., which is
typically several times the nuclear saturation density (py = 0.16fm™*). This type of

matter can be found in compact stars such as white dwarfs, neutron stars, and quark
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stars. If the density at the center of neutron stars reaches 5 -10 pg, the neutrons could

potentially melt into cold quark matter.

2. At extremely high temperatures: QGP can be generated by heating up the QCD
vacuum without the need for nuclear matter. At low temperatures, hadrons are ther-
mally excited from the vacuum. But at higher temperatures, the interactions between
the hadrons become so intense that they overlap and eventually transform into quark
and gluon degrees of freedom at a critical temperature (7' 2 150 MeV). The only way
to generate QGP in the laboratory is through Ultra-Relativistic Heavy Ion Collisions
(URHICs), which rely on this mechanism. Furthermore, Friedman’s solution of Ein-
stein’s equation suggests that the universe experienced an expansion from a singularity
at time zero, which has been confirmed by the red shift of distant galaxies observed
through Hubble’s law. By extrapolating these observed properties of the universe back-
wards in time, it is believed that the universe became hotter and denser and crossed
the QCD phase transition (7' ~ 155 MeV) about ~ 107> seconds after its inception.

This phase transition was preceded by the electroweak phase transition at ~ 200 GeV.

It has been shown that QGP’s behavior can be described by hydrodynamic equations
with a small specific shear viscosity, making it similar to a liquid with low shear viscosity,
based on its flow properties [50-53]. However, the QGP is a complex system that may exhibit
either weak or strong coupling, depending on the scale being considered. Short wavelength
modes, such as thermodynamic functions, are dominated by asymptotic freedom, resulting
in a weakly-coupled system of quarks and gluons at high temperatures (7' > Aqcp). On the
other hand, long wavelength modes, such as static magnetic color fields, are strongly coupled,
even in the limit 7" > Aqcp. Despite its strongly-coupled character, the non-perturbative

sector of the QGP does not significantly contribute to its thermodynamic properties.
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1.3.3 The evidence for the existence of QGP at RHIC
The existence of the QGP has been confirmed at RHIC through a combination of exper-
imental observations and theoretical predictions. Experimentally, evidence for the QGP at

RHIC includes:

1. Suppression of high transverse momentum hadrons: RHIC and LHC experi-
ments have observed a significant suppression of high transverse momentum hadrons,

which is consistent with the idea that these hadrons are losing energy as they traverse

the hot, dense QGP [54-56].

2. Elliptic flow: The RHIC and LHC experiments have also observed a large elliptic flow,
which is a measure of the anisotropy in the momentum distribution of particles. This
observation can be explained by the hydrodynamic expansion of the QGP, in which the
pressure gradients cause the matter to flow and distribute momentum anisotropically

[57-59].

3. Jet quenching: The RHIC and LHC experiments have observed a strong suppression
of high-energy jets, which are collimated beams of particles produced in high-energy
collisions. This suppression can be explained by the energy loss of the jets as they

traverse the hot, dense QGP [60].

4. Strangeness enhancement: RHIC and LHC experiments have also observed an
enhancement of strange hadrons, which can be explained by the creation of a hot,

dense environment in which strange quarks can be produced more efficiently.

Theoretically, the evidence for the QGP at RHIC is also supported by numerical simulations
of heavy-ion collisions that incorporate the principles of quantum chromodynamics (QCD),

the theory of the strong interaction. These simulations have been able to reproduce many
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of the experimental observations, such as the suppression of high-energy hadrons and the

elliptic flow, and provide further support for the creating of a QGP at RHIC and LHC.

1.4 The overview and outline of my dissertation

In my PhD dissertation, I explored the study of the Quark-Gluon Plasma (QGP) cre-
ated in heavy-ion collisions using a non-equilibrium hydrodynamics framework, called the
anisotropic hydrodynamics (aHydro) framework. I aimed to improve the elementary aHydro
framework to enable the study of QGP phenomenology. Throughout the study, I utilized
two primary methods to evaluate the aHydro framework: exact solutions to the Boltzmann
equation and experimental data. The exact solutions of the Boltzmann equation, obtained
for specific symmetrical cases, were frequently used as a reference for comparisons between
the aHydro framework and other frameworks. The experimental data from ultrarelativistic
heavy-ion collisions was also used to verify the phenomenological predictions of the aHydro
model.

Therefore, in Chapter 2, I introduce the fluid dynamic and the system of kinetic equations
and investigate their moments, which leads to the establishment of Landau matching con-
ditions related to energy-momentum conservation. In Chapter 3 of this dissertation, I delve
into a comprehensive exploration of the Glauber model, that enables us to gain insights
into the spatial arrangement of nucleons in colliding nuclei which is consider as a crucial
factor in understanding the initial stages of heavy-ion collisions. Also, the Bjorken model
which guides our understanding of the early moments of high-energy nuclear interactions
and shedding light on the parton distribution functions and the energy density of the quark-
gluon plasma formed in such collisions. In Chapter 4, an improved form for the anisotropic
hydrodynamics distribution function is introduced and demonstrated to better reproduce

exact results from literature. The non-equilibrium attractor associated with this improved
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form is also extracted. In Chapter 5, the existence of early and late time attractors in non-
conformal kinetic theories is explored by computing the time-evolution of moments of the
one-particle distribution function. I extend previous attractor studies by using a mass- and
temperature-dependent relaxation time that is realistic and varying the initial momentum-
space anisotropy and initialization time. In Chapter 6, the motivation for using relativistic
anisotropic hydrodynamics to study ultrarelativistic heavy-ion collisions is presented and
highlights the main ingredients of the 3+1D quasiparticle anisotropic hydrodynamics model,
including the underlying symmetry assumptions. I also present phenomenological compar-
isons with experimental data, which show that anisotropic hydrodynamics can describe many
bulk observables of the quark-gluon plasma. Finally, in Chapter 7, I conclude and summa-

rizes the key results of the dissertation and provides an outlook for future research.
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Part 1

Background of Theory
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Chapter 2

Fluid Dynamics and Kinetic Theory in Heavy Ion Collisions

2.1 Hydrodynamics

Hydrodynamics, also known as fluid dynamics, is a theoretical framework that describes
the behavior of fluids which is a continuous system on large distance scales. In fluid dynam-
ical descriptions individual particles are not explicitly considered and instead one makes use
of macroscopic variables. This discipline endeavors to understand the fundamental nature of
matter and energy transfer by deciphering the complex patterns and behaviors that emerge
in fluid motion. In the context of heavy ion collisions, fluid dynamics plays a crucial role in
elucidating the complex dynamics of the quark-gluon plasma (QGP) and hadronic matter
created in the collisions, over spatial scales orders of magnitude smaller than those of conven-
tional matter. The transformation of the kinetic energy of colliding ions into thermal energy
and the rapid expansion of the QGP produce conditions resembling those of the universe
just microseconds after the Big Bang. These conditions deviate greatly from our everyday
experiences and from conventional physics, making their study especially difficult.

Hydrodynamics offers an efficient method for describing the collective behavior of quarks
and gluons in this medium that arise during plasma expansion and cooling. One of fluid
dynamics primary benefits is its simplicity and generality. By focusing on a few macro-
scopic variables that characterize the state of the fluid such as energy density, pressure,
temperature, and flow velocity, fluid dynamics simplifies the complex behavior of the sys-
tem. The thermodynamic properties (such as the equation of state that relates pressure,
energy density, and temperature) and transport coefficients (such as viscosity and thermal

conductivity) contain all the microscopic information. On macroscopic scales (large distances
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and long times), the intricate microscopic behavior is no longer detectable. Most microscopic
variables (such as the positions and velocities of individual particles) exhibit rapid spatial
and temporal variation. These rapid fluctuations result in negligible changes to average val-
ues, which have no appreciable impact on the macroscopic dynamics. These variables that
change slowly over time and space are often associated with conserved quantities (like total
energy or momentum), which play a significant role in the macroscopic dynamics. Therefore,
using hydrodynamics enables a simpler and more computationally tractable description of
the evolution of the system.

Generally, a fluid is a continuous system and each small volume element in this system is
called fluid element. It is traditionally assumed that each fluid element needs to be sufficiently
large on a microscopic scale to be close to thermodynamic equilibrium. This is considering
as the basic principle of fluid dynamics where the system evolves while remaining close to
local thermodynamic equilibrium. Even as the system expands and evolves, it is presumed
that the interactions between particles are sufficient to maintain local equilibrium, thereby
permitting the application of fluid dynamics equations. This is where fluid dynamics steps
in as a powerful theoretical framework for understanding the matter in heavy ion collisions.
Likewise, each fluid element must be sufficiently small on a macroscopic scale to preserve
the continuum approximation. Consider fluid dynamics in a heavy-ion collision for the
QGP as an illustration where the system has very differing length scales. The component
particles (quarks, gluons, etc.) interact with one another over extremely small distances when
observed at the microscopic level. However, when you zoom out to the macroscopic level,
fluid dynamics—which concentrates on the typical characteristics of huge volumes—describes
the behavior of the entire system.

As aresult, hydrodynamics provides a link between the microscopic interactions of quarks
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and gluons and the macroscopic observables that can be measured in experiments. By mod-
eling the QGP as a relativistic fluid with strong interactions and analyzing the evolution of it
with hydrodynamic equations, scientists are able to make predictions about the distribution
of particles, their momenta, and other observables that can be compared to experimental
data collected at particle colliders such as the Large Hadron Collider (LHC) at CERN or
the Relativistic Heavy Ion Collider (RHIC) at Brookhaven National Laboratory.

In the following sections, we will delve further into this basic kind of fluid and its hydrody-
namical framework, examine the subtleties of the effects of viscosity in heavy-ion collisions,
and learn how the interaction between theoretical knowledge and actual experiments has
aided in our understanding of the novel properties of the QGP and how it evolves over time.
This investigation will help us understand the very first moments of the universe and pro-
vide new information concerning how matter behaves in the most extreme situations we can

envisage.

2.2  From perfect-fluid hydrodynamics to the viscous hydrodynamics framework

As heavy ion collisions occur, the initially created state of the QGP undergoes a rapid
hydrodynamic expansion, which is the flow of matter from regions of high energy density
to regions of lower energy density. This expansion causes the matter to cool down and
eventually transforms the QGP into hadronic matter. Because the QGP is a relativistic
fluid that behaves as a nearly perfect fluid with low viscosity, we will discuss two primary

categories of fluids: ideal and viscous.

2.3 Relativistic perfect-fluid hydrodynamics
Ideal fluids are a simplified model that depict the frictionless and adhesion-free behavior
of fluids. In a relativistic perfect fluid, particles move without encountering any internal

resistance. This simplified perspective is beneficial for comprehending fundamental fluid
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dynamics and can shed light on fluid motion under specific conditions. The relativistic ideal
hydrodynamic equations serve as the foundation for characterizing the evolution of the QGP
during its early expansion phases. These equations presume that the fluid is in thermal
equilibrium at the local level, i.e., all fluid elements must be exactly in thermodynamic
equilibrium within each local fluid cell but not necessarily in global thermal equilibrium
[61,62]. The condition of a fluid governed by relativistic principles can be fully defined by
the densities and flow of conserved quantities, which include the energy-momentum tensor,
denoted 7", and the four-current associated with particle number (net particles minus anti-

particles), denoted N*.

2.3.1 Derive the energy-momentum tensor

To establish a comprehensive description of these quantities for an ideal fluid, it is neces-
sary to first determine the energy-momentum tensor, 7}, in the fluid local rest frame (LRF)
where in this frame the fluid is not in motion u* = (1,0), so the energy-momentum tensor,
particle four-current, and entropy four-current should exhibit the distinct characteristics of a
system in static equilibrium. The definition of the energy- momentum tensor is a mathemat-
ical object that describes the distribution of energy and momentum in a physical system with
certain transformation properties under coordinate transformations. Therefore, the energy-
momentum tensor is the four-momentum component in the p direction per three-dimensional
surface area perpendicular to the v direction. Thus T" has dimensions of energy per vol-
ume. Thus we have differential four-momentum components Ap = (AE, Ap,, Ap,, Ap,)
associated with differential space-time four-vector Az = (At, Az, Ay, Az). For p =v =0,

one obtains
00 AE AE

B = AzAyAz L AV (21)
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and for p = v =1 (the x coordinate), one obtains

B AtAyAz  AA

P. (2.2)

Apg
AL

Here = Af, is the force in the x direction acting on a surface of area AA = AyAz with
a normal vector perpendicular to the force and the force exerted per area is the pressure P.
Observing an ideal fluid from its LRF reveals the following properties: there is no energy
transfer (T}%, = 0), the force per unit surface element is the same in all directions (the

pressure is isotropic szRF = 6 P), and there is no net flow of particles or entropy (]\7 =0

and § = 0). Thus, in the fluid rest frame, an ideal fluid has

e 00 0

» 0P 0 O
Tirr = : (2.3)

00 P O

00 0 P

Now, we can generalize to the moving frame by using a Lorentz transformation when we
consider these quantities from the viewpoint of the LRF. These components are linked to
fluid velocity (u*) and the metric tensor (g, ). The possible forms of these quantities can be
inferred from particular conditions, such as the symmetry of the energy-momentum tensor
and the consistent transformation properties under Lorentz transformations. The following
can be used to determine the most general form for the energy-momentum tensor of an ideal
relativistic fluid (denoted T(’f)g) that meets these requirements and using the hydrodynamic
degrees of freedom, namely two Lorentz scalars (e, p):

Tipy = €(cog™ + cruu”) + P (c29™ + czuu”) . (2.4)
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In the LRF, one requires the T (%(; component to represent the energy density € of the fluid.
Similarly, in this frame, the momentum density should be vanishing T (% = 0, and the
space-like components should be proportional to the pressure, Tij) = P §%. Imposing these

(0

conditions onto the general form (2.4) leads to the equations
(co+cr)e+ (ca+c3)P =k, —coe — P = P, (2.5)

which imply ¢p = 0,¢; = 1,¢9 = —1,¢c3 = 1. Therefore, the energy-momentum tensor of an
ideal relativistic fluid becomes

T(’S’)’ = (e+ P) v'u” — P ¢g". (2.6)

To simplify this equation, we introduce a projection operator A*” = g" — utu” that focuses
on the space-like part of a tensor in the LRF. For any metric g,,, the A" operator is
orthogonal to the fluid four velocity, meaning A, u” = A, u* = 0. Moreover, it obeys
A A=A

ups and Al = 3. With this operator, we can rewrite Eq. (6.22) as

Tigy = eut'n” — PA™. (2.7)

In Minkowski space-time, a Lorentz transformation to the LRF leads to uf . = (1,0),
which means A7% . = diag(0, —1, —1,—1). This explicit representation highlights A’s focus
on space-like properties. Similarly, u* can be understood as a time-like projection operator.
Now, to describe the behavior of an ideal fluid, we keep track of energy, momentum, and
particle number. These conservation principles are expressed through equations involving
the flow of these quantities. When a system has no net conserved charges (vanishing chem-

ical potential), the ideal hydrodynamic evolution of the system can be described by local
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conservation of energy and momentum, which is expressed by the equation

0Tl = 0. (2.8)

These equations use the mathematical tool 9, to compute how objects change through time
and space, and this equation means that the total energy and momentum in the system
are conserved, and any changes in one part of the system must be compensated by changes
in other parts of the system. Additionally, it fully consistent with the Lorentz invariance
principles, which describe how objects appear to move when viewed from various moving
frames.

For practical calculations, we use the projection operator A*” and the fluid’s four velocity
ut. This makes it easier to divide the direction of change into components that are either

parallel (u,0,T(;) to the fluid’s velocity or perpendicular (AJ0,T(;) to it. For the first

projection the co-moving time-like components of Eq. (2.8), one finds

wd, T8 = wdfeun’ — PAM™],
= w[(Oue)u'u” + e(Ouu)u” + ew(9uu”) — (0,P) A" — P(9,AM)],
= (D) uM + (B’ + wyeu (9,u”) — un (3, P) A" — u, P(9,AM™),
= w(0€) + € (Duut) + e uyut (Du”) — Py (9,AM)
= (D) + € (Ouut) — P (9,A™),
= u"(Oue) + € (9uu") — Pu[0,(g" — u'u”)],
= u"(Ou€) + € (9u”) + P 0y (ufu”),
= u"(9u€) + € (Gpu") + P luyu” (9pu) + utu, (O,u”)]

= (e+ P)ou" +u"d,e=0, (2.9)
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where the identity uv,u” = 1 and u,0,u” = %0u(uyu”) = %8M1 = 0 are used. For the other

projection the co-moving space-like components of Eq. (2.8) one obtains

ADOT = AJ(Oue)un” + AJe(0,u)u” + Afeu(9,u”) — AJ(9,P)A" — AJP(9,AM),
= eu'Aj0u” — AP (0,P) + Ay PO, (u'u”),
= euAj0,u” — A**(0,P) + Plu” Ay (0,u") + v Ay (0,u”)],
= eu'A%Ju” — A" (0,P) + Pu'ASd,u” ,

= (e+ P)u"o,u* — A"9,P =0 . (2.10)

where in the first line A%u” = 0, and AYA* = A#*. Now, by introducing

D=u"d,,  V*=AMY,  6=du" (2.11)

for the projection of derivatives parallel and perpendicular to u*, equations (2.9), and (2.10)

can be written as

De+(e+p)d = 0, (2.12)

(e+p)Du* -V = 0. (2.13)

These are the fundamental equations for an ideal relativistic fluid. Note that there are
four quantities used to characterize an ideal fluid: energy density (¢€), pressure (P), particle
number density (n), and fluid velocity (u,). These quantities represent six distinct fluid
properties such as u* has three independent components. However, only five equations result
from analyzing how these quantities change over time (conservation laws). This leaves our
understanding of the fluid’s behavior incomplete. To solve this, we employ a state equation

(P = P(n,¢e)). This equation connects the pressure to other thermodynamic properties,
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“closing” the equations. The presence of this equation is ensured by the assumption that
the fluid is in local thermal equilibrium. With this equation of state, the equations of ideal
fluid dynamics become a complete framework for describing the behavior of fluids in a variety

of situations.

2.4 Relativistic viscous-fluid hydrodynamics

When a fluid is not in ideal local thermodynamic equilibrium, it is subject to dissipative
effects that result in irreversible thermodynamic processes during its motion. Due to the
nature of dissipative processes, no fluid can maintain precise local thermodynamic equilib-
rium throughout its entire dynamics. This implies that some elements of the fluid may not
be in equilibrium with the rest of the fluid, and that they must interchange heat with their
surroundings in order to achieve equilibrium. In addition, the movement of fluid elements
and the friction between them can also result in energy loss. To accurately describe the
behavior of a relativistic fluid, these features must all be taken into account. This kind of
fluid is called a viscous fluid, and possesses a degree of “stickiness,” or viscosity. In heavy-ion
collisions, the viscosity becomes crucial for understanding how the created matter evolves.
Therefore, with accounting for viscosity, we have to consider additional term called viscous
corrections that add to the ideal term.

The viscous corrections play a significant role in describing the collective behavior of
the system. It can be expressed in terms of moments of the one-particle distribution func-
tion, which allows for a more convenient way of describing the collective behavior of the
system and can be used to extract information about the properties of the fluid. Here, the
energy-momentum tensor, 7", describes the macroscopic state of the system. It can be ex-

pressed in terms of a single-particle phase-space distribution function and decomposed into
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hydrodynamic degrees of freedom as following

|72 22 j22% wy o uv puv
TV =Ty 4+ T =Tl + 1, (2.14)

A :/de“p”f(x,p) = eutu” — PAM + I

= eufu” — (P +II)A" 4+ 7t (2.15)

with [dP is the integration measure and II** = 7# 4+ IIA*. In this equation, the ten-
sor decomposition includes the energy density €, thermodynamic pressure P, bulk viscous
pressure II, and shear stress tensor 7. These quantities describe how the system behaves
under different conditions, such as changes in temperature or pressure. Moreover, IT* is
the viscous stress tensor, and decomposes in two parts: a traceless part 7 and a part with

non-vanishing trace A#1I.

e The traceless part (7) corresponds to the shear stress tensor, which captures the
departures from ideal fluid dynamics due to small anisotropic deviations from local
thermal equilibrium. In other words, shear viscosity is comparable to the friction
that occurs when fluid layers with various velocities move against one another. Shear
viscosity functions as a brake, slowing the differences in motion between various parts
of the fluid. This effect is crucial because it facilitates a more uniform flux of matter,
allowing it to evolve collectively. This part of the stress tensor is symmetric 7 = 7"*,
and 7!} = 0. As a result, the traceless part of the stress tensor captures the anisotropic

pressure-like effects due to the deviations from equilibrium.

e The non-vanishing trace (A*II) is called the bulk pressure that contributes to
the pressure of the system. It is responsible for the behavior of the system in cases

of uniform expansion or contraction that means it is linked to how the fluid’s volume
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changes when it gets isotropically squished or stretched. To see this, consider a fluid
element that is expanding or contracting uniformly in all directions, with no net flow of
matter. In this case, the stress tensor must be isotropic, meaning that it is proportional
to the metric tensor: A*Il = —Pg". When it comes to heavy-ion collisions, as
matter expands, the pressure and temperature undergo rapid fluctuations. The bulk
viscosity influences the expansion rate, potentially delaying or speeding it up. This
influences the evolution of matter and the production of particles as the system cools.
The bulk pressure can be related to the thermodynamic pressure of the fluid, but it
is not necessarily equal to it, especially in non-equilibrium situations. In general, it
depends on the gradients of the fluid velocity, temperature, and other thermodynamic
variables, and it can be determined from the equations of motion of the fluid, such as

the Navier-Stokes equation for a viscous fluid.

Taking the proper projections of the conservation equations of the energy momentum
tensor yields the fundamental equations of viscous fluid dynamics that describe how the

energy-momentum tensor changes and evolves due to the presence of viscosity in a fluid

u,0,T" = De+ (e + P)Iu" + u,0,1" =0, (2.16)

A29,T™ = (e+ P)Du® — VP + A%9,IT" =0 . (2.17)

The first equation represents energy and momentum conservation in the direction of fluid
movement. It states that the sum of the variations in the fluid’s energy (¢), the energy and
pressure terms (e 4 p) associated with its expansion or compression (J,u*), and the contri-
bution from the bulk pressure tensor (IT**) must equal zero. The third term in Eq. (2.16) is

simplified using u, 0,11" = 0, (u, I1"*) —I1"0,u,), and by using the identity 0, = u,D+V,
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that connects the partial derivative to the convective derivative D, the equation can be fur-

ther simplified as well by using the fact that in the Landau frame, w,II*” = 0 with

1
AwBy) = ) (AMBV + AVBu) :

Furthermore, the second equation focuses on the energy and momentum conservation in
directions orthogonal to the fluid flow. Consequently, the essential equations for viscous

fluid dynamics in relativistic theory are

De+ (e +p)out — 1"V (u,y = 0,

(€ +p)Du® — Vop+ A%9,II" = 0. (2.18)

Now, to derive the expressions for the viscous stress tensor II*, we start by using the
basic equilibrium thermodynamic relations for a system without conserved charges (or zero
chemical potential)

e+p="Ts, Tds = de . (2.19)

We know that, in equilibrium, the entropy of the system remains constant or increases. In
contrast, out of equilibrium, the entropy of the system will always tend to increase. It means

that the second law of thermodynamics can be rewritten in the form
st >0, (2.20)

where the entropy 4-current s* in equilibrium is given by s* = su”. The thermodynamic
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Figure 1: Illustration of viscosity components in relativistic hydrodynamics: ¢ (bulk viscos-
ity) resists expansion, while 1 (shear viscosity) opposes flow gradients.

relations (2.19) allow to rewrite the second law as

Ous" = Ou(su”) = (u,D + V) (su”)
= wu,D(su")+V,(su") = Ds + s0,u"

= D[(e+p)/T] +[(e + p)/T]Ouu"

1 €E+p
= TDE-F T oyt

1
= D+ (e + )]

1
= TH‘WV(MuV) >0, (2.21)

Because 1" = 7 4+ AMII has a traceless part and a remainder with non-vanishing trace,

we introduce a notation for the traceless part of V,u,),

2
V<MUV> = ZV(MU,,) — gA/WVaua, (222)
Therefore, Eq. (2.21) becomes
P 1 o
(9“8 = ﬁﬂ' V<HUV> + THVQU >0. (223)

The ultimate goal is to ensure that the inequality that is representing the second law is

satisfied. This is achieved by defining specific quantities (7,11, 7, and {) that guarantee the
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inequality holds and by imposing constraints that these quantities are non-negative. Here,
( is the bulk viscosity, which measures the resistance to expansion, and 7 is shear viscosity,
which measures the resistance to flow gradients for the traceless part of the derivative of the
4-velocity (see Fig. 1). This notation allows for a more compact representation of certain
terms.

o =nVtu, TI=(Vau*, n>0, (>0, (2.24)

because then 0, s" is a positive sum of squares.

In the next sections, we will dive deeper into the models and simulations used to study
these viscous effects, and we will explore how experimental data and theoretical predictions
come together to provide a clearer picture of the behavior of matter in these extraordinary

conditions.

2.5 Hydrodynamic modeling and experimental insights in high-energy heavy
ion collisions

During heavy-ion collisions, the particles begin to behave like a fluid very rapidly. This
indicates that they undergo a process known as “hydrodynamization”. Once “hydrody-
namized”, the particles begin to exhibit “collective behavior.” Hydrodynamics enables us to
comprehend how these particles interact and move collectively which provides insight into
the properties of the QGP.

In section (1.3.1), we introduced how the journey of the intensely hot and dense matter
created in heavy-ion collisions unfolds in distinct stages. To comprehend these stages, so-
phisticated hydrodynamic models that simulate the evolution of matter are required. These
models are analogous to virtual laboratories, allowing us to investigate conditions that are
almost impossible to reproduce in reality. To capture the effects of viscosity and other fac-

tors, researchers use specialized relativistic viscous hydrodynamics equations that take into
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account how matter flows and how it reacts to pressure gradients and viscosities. Then, in
order to perform these simulations, we must provide initial conditions — essentially, the initial
state of the matter immediately following the collision. After that, they use the equation of
state to describe the relationship between pressure, energy, and temperature in the evolving
matter. Next, to solve these equations, it is necessary to conduct numerical simulations
using sophisticated numerical methods. These simulations allow us to observe the evolution
of matter over time. Nonetheless, they present obstacles, such as coping with the complex
geometry of the collision region and modeling the effects of viscosity accurately.

Extracting hydrodynamic information from the experimental data acquired from heavy-
ion collisions enables scientists to unravel the mysteries surrounding these energetic events.
For example, the elliptic flow pattern observed in the particle emission is caused by the
almond-shaped overlap region created when nuclei collide. Scientists can establish a rela-
tionship between the observed elliptic flow and the viscosity of the created matter using
hydrodynamic simulations and they find that lower viscosity enables particles to behave
collectively, resulting in an elliptic flow pattern. Also, the types and energies of emitted
particles provide vital information regarding the conditions and stages of the evolution of
matter. By analyzing the spectra of emitted particles, scientists can determine the temper-
ature at which particles “freeze out” — that is, cease interacting and are no longer affected
by strong multi-particle interactions. This temperature provides insight into the transition
between the QGP and hadronic matter.

Comparing experimental data with hydrodynamic simulations helps validate the models
and adjust their parameters. When the simulated patterns of particle emission and other
observables closely match experimental data, it indicates that the hydrodynamic model ac-
curately captures crucial aspects of the collision’s dynamics. However, there are limitations,

including the models’ simplified assumptions and sensitivity to initial conditions. Scientists
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can obtain insight into the properties of the matter formed in heavy-ion collisions through
this comparison. This includes parameters such as the QGP’s initial temperature viscosity,
and its equation of state. Moreover, discrepancies between experimental results and simu-
lations can indicate gaps in our current understanding, steering future research and model
refinement.

After looking at how complicated relativistic viscous hydrodynamics is and how impor-
tant it is to understanding how matter behaves in extreme conditions, we now turn our
attention to the interesting field of anisotropic hydrodynamics. Even though relativistic vis-
cous hydrodynamics has been helpful, the development of anisotropic hydrodynamics gives

us a new way to look at systems with large differences in momentum in different directions.

2.6 Anisotropic hydrodynamics

Anisotropic hydrodynamics is a non-perturbative reorganization of relativistic hydrody-
namics intended to explain the large momentum-space anisotropies observed in ultrarelativis-
tic heavy-ion collisions [6]. These collisions generate substantial imbalances or anisotropies
in momentum space, which undermine the traditional hydrodynamic assumption of isotropic
(nearly) thermodynamic equilibrium. Anisotropic hydrodynamics permits the study of fluids
in situations far from isotropic equilibrium by taking the anisotropic character of the system
into consideration. Also, it extends the regime of hydrodynamic treatments, allowing for a
more precise description of fluid behavior under extreme conditions with significant momen-
tum distribution imbalances, such as those encountered in heavy-ion collisions. Traditional
viscous hydrodynamics dynamical equations are derived using a linearization approach that
assumes an isotropic equilibrium distribution function as the first or leading-order approx-
imation [63-96]. This method considers small departures from equilibrium and derives the
equations of motion by linearizing the hydrodynamic equations around equilibrium. Lin-

ear response theory may now describe viscous effects like shear viscosity. This linearized
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technique is limited in systems with severe deviations from isotropic equilibrium, such as
ultrarelativistic heavy-ion collisions. Because of that hydrodynamics is a better framework
for non-linear dynamics and large momentum-space anisotropies [95,97-112].

In ultrarelativistic heavy-ion collisions (URHICs), the longitudinal pressure is signifi-
cantly lower than the transverse pressure in the center of the fireball. The ratio is less than
or equal to 0.3. This value shows substantial pressure anisotropies in URHIC quark-gluon
plasma (QGP) shortly after the initial nuclear impact. Therefore, the momentum-space dis-
tribution of particles in the QGP is extremely anisotropic, with more pressure along trans-
verse directions than longitudinal directions. In addition, the momentum-space anisotropy
increases as one advances away from the center toward colder plasma areas. Such significant
pressure anisotropy is indicative of significant viscous corrections to the presumed starting
point of ideal hydrodynamics. Furthermore, when traditional linearized viscous hydrody-
namic treatments are applied to QGP in heavy-ion collisions, certain regions of phase space
can arise in which the one-particle distribution function becomes negative. Existence of neg-
ative values in the distribution function is problematic because it violates the distribution
function’s probabilistic interpretation and, therefore, physical consistency. In hydrodynamic
modeling, physically valid distribution functions are essential for accurately describing the
behavior of the system.

In order to study relativistic hydrodynamics in heavy-ion collisions, it is crucial to resolve
this issue and discover new methods. Anisotropic hydrodynamics (aHydro) [95,97-112],
among other related methods, offers a promising approach to overcome this challenge and
maintain a physically valid distribution function in the analysis of heavy-ion collisions. In this
framework, the particles of the system can have significantly different momenta in different
directions. This anisotropy can be described mathematically using a tensor called =,,,,, which

quantifies how much momentum space is distorted from isotropy (where the momentum
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distribution is the same in all directions). Therefore, the central idea is the distribution
function, which describes the statistical distribution of particles in a system in terms of
their position (x) and momentum (p), can be separated into a distorted isotropic part (fiso)
and a non-elliptical anisotropic correction part (5f) The distorted isotropic part accounts
for elliptical non-uniformity and anisotropy in momentum space. Mathematically, one can

express the one-particle distribution function in the form

- P'Ew(@)p” p(r) 7
f(ﬂi',p) - fiso( A(:L‘ ) A(aj‘)) +5f($7p) ) (225)
fanis:),(xvp)

where A is a temperature-like scale that can be related to the system’s true temperature in
the isotropic equilibrium limit, and pu(z) is the chemical potential. To gauge the degree of

momentum-space anisotropy one uses =, which is a second-rank tensor

S = b 4 — AP (2.26)

where u* is the four-velocity associated with the local rest frame, £*¥ is a symmetric and
traceless tensor, and ® is the bulk degree of freedom. In this version, it is assumed that the
momentum-space anisotropy in the system can be described using an ellipsoidal deformation
shape. In the case that there is a rotational symmetry the ellipsoidal deformation becomes
spheroidal. In this latter case the momentum distribution has a different width in the
x and y directions different from that in the z direction (7%* = T% # T#%%) and this is
characterized by a single parameter, denoted as {(z). This parameter varies in the range
—1 < & < o0, with the cases £ < 0, £ =0, and 0 < & corresponding to the prolate, isotropic,
and oblate momentum distribution, respectively, (see Fig. 2). In the more general case

where the momentum-space anisotropy is ellipsoidal, meaning that all three components of
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Figure 2: The different range of £ for the spheroidal anisotropic distribution function [6].

the momentum tensor (7% # TY # T%*) are different in the LRF. This is a more complex
form of anisotropy compared to the simpler spheroidal form.

As mentioned, the results of microscopic calculations indicate that the transverse pressure
of the systems produced initially in heavy-ion collisions is significantly greater than the
longitudinal pressure [113-119], one can conclude that the initial distributions are most
likely oblate.

Overall, anisotropic hydrodynamics seeks to develop a theoretical framework capable of
accurately describing the behavior of this QGP in its initial phases following the collision.
This period is essential for comprehending the formation and properties of the QGP and un-
derstanding the behavior of matter near the region’s edges because it can differ significantly
from the behavior of matter in the region’s center particularly in the transverse (side-to-side)
direction. Moreover, it aims to handle situations in which shear viscosity varies with temper-
ature and may be relatively high. In certain extreme conditions, such as those encountered
in heavy-ion collisions, traditional hydrodynamics assumptions (such as low shear viscosity

and near equilibrium evolution) may not hold.
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2.7 Exploring kinetic and hydrodynamic attractors in extreme matter dynamics

An attractor in a dynamical system is a specific solution that the system approaches as
time passes, beginning from a variety of initial conditions within its basin of attraction . In
other words, the system will eventually resolve on this particular solution regardless of the
initial conditions within a certain range. The behavior of the attractor is determined by the

interplay between two factors:

e Expansion rate: This causes the system to become locally anisotropic, favoring the

elongation or stretching of the system in particular directions in the momentum space.

e [sotropizing interaction rate: This counteracts the expansion and tends to make the
system isotropic, which means that its properties tend to be the same in all directions

in the momentum space.

Attractors have recently gained attention in the context of ultra-relativistic heavy-ion col-
lisions. These attractor solutions are essential for comprehending the transition to fluid-
dynamic behavior and showing non-thermal fixed-point behavior in systems that are far
from equilibrium. They help scientists in determining the extent to which various collisional
observations provide information about initial conditions or material properties.

In the field of heavy-ion collisions and the study of quark-gluon plasma (QGP), two
significant concepts, namely the kinetic attractor and the hydrodynamic attractor, provide

insights into the behavior of matter under extreme conditions. The kinetic attractor ad-

dresses the evolution of the particle distribution function over time. Due to extreme and
non-equilibrium conditions, the distribution function of particles deviates from equilibrium
during the initial phases of a collision. Nevertheless, as the system develops, the distribution

function tends to relax and approach an attractor solution. This attractor represents a state

I The region of state space from which a dynamic system tends to approach a particular attractor is known
as the “basin of attraction.” Depending on the behavior of the system, various initial conditions may result
in distinct or no attractors.
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in which the distribution function is almost completely independent of the initial conditions,
ultimately reflecting a universal behavior characteristic of the QGP. The kinetic attractor
sheds light on the transition of the distribution function to a state of local thermal equilib-
rium, thereby providing essential insights into the mechanisms driving thermalization and
equilibration within the QGP.

Concurrently, in the contexts of fluid dynamics and heavy-ion collisions, the hydrodynamic

attractor retains an important role. It refers to a particular set of equations or conditions to
which the macroscopic properties of a fluid system tend to converge as it approaches local
thermal equilibrium. At the beginning of a heavy-ion collision, the matter is far from equi-
librium and does not behave like a fluid. As the system evolves, it undergoes a transition to
fluid-like behavior, with well-defined properties such as temperature, pressure, and energy
density that are governed by fluid equations. The hydrodynamic attractor explains how
these macroscopic properties conform to hydrodynamic equations as the system approaches
thermal equilibrium. This concept is essential for understanding the emergence of fluid-like

behavior and the rapid thermalization of quark-gluon plasma.

2.8 Relativistic Kinetic Theory

The study of kinetic theory is an important building block for understanding how com-
plex systems behave in a wide range of scientific fields. From gases and plasma to condensed
matter and particle physics, kinetic theory is a powerful way to figure out the microscopic
dynamics behind macroscopic events. It helps us understand the traits and behaviors of
systems as a whole by looking at the statistical behavior of moving particles and how they
interact with each other. Relativistic kinetic theory is a theoretical framework that aims to
explain the behavior of particles and systems of particles moving at speeds close to the speed
of light using the principles of relativity, where the principles of classical mechanics begin

to break down. The significance of this theory is contingent on its capacity to represent the
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non-equilibrium relativistic (classical) dynamics of many-body systems, e.g. in Relativistic
Heavy Ion Collisions (RHIC). It provides the foundation for numerous models of nuclear
processes in various energy regimes. In addition, it serves as the basis for less microscopic
approaches, such as relativistic hydrodynamics.

The essential assumption in this theory is that the relevant particles’ mean free path
is large in comparison to their De Broglie wavelength, allowing one to disregard obvious
quantum mechanical effects. Moreover, this theory is dependent on the Boltzmann kinetic
equation, which can be difficult to manipulate due to its complex collision term. This term
is represented by a multidimensional integral and accounting for the interactions between
particles. In the past, solving the Boltzmann equation required intricate numerical simu-
lations that described the unconstrained motion and collisions of particles. To overcome
these technical obstacles, a simplified variant of the kinetic equation employing a simplified
form of the collision term is frequently employed. This approximation form is referred to as
the relaxation-time approximation (RTA) [120-123]. The following sections will provide a
comprehensive explanation of this strategy.

The main goal of this section is to explain in detail the theoretical structure and how
it can be used in real life. We will look at the basic ideas behind kinetic theory, such as
the Boltzmann equation and how it was made, as well as the statistical ideas that it is
based on. We will also look at transport processes, where kinetic theory is a key part of
understanding how heat, and momentum move through different materials. Also, presenting
at how kinetic theory uses approximations and simplifications, such as the relaxation time
approximation and the idea of effective kinetic theory. Even when direct microscopic models
are not possible, these tools let us work with complicated systems and get useful information
about how they work. In addition, we will introduce some of the fundamental macroscopic

quantities and their definitions within the kinetic theory.
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It is essential to note that later chapters in this dissertation rely on the RTA, as it permits
exact solutions to the kinetic equation. In addition, the dynamics under consideration are
restricted to boost-invariant systems [124,125], which is another important assumption that

facilitates the precise treatment of the system’s behavior.

2.9 Basic definitions of macroscopic quantities
Here, some of the fundamental macroscopic quantities and their definitions within the

kinetic theory are introduced.

2.9.1 Distribution function

In the kinetic theory, the fundamental quantity is the one-particle distribution function
f(z,p) = f(t,x,p) which is a mathematical function that describes the phase space density
of the particles by providing the number of particles AN in the phase-space volume AV =

A3z A3p located at a certain momentum and in a particular region of space and time ¢

AN

AT (227)

f(t,x,p) o

where the distribution function depends on the temperature, density, and velocity of the gas
as well as the mass and charge of the particles that make up the gas. Using a one-particle
distribution function f(z,p) in the kinetic theory is an important concept to study the ther-
modynamic properties of gases and establishes a relationship between macroscopic (flow,
velocity, density, temperature, etc.) and microscopic (particle mass, momentum, energy,
position) properties and used to describe the transport properties of gases, such as the vis-
cosity. Therefore, the primary objective of transport equation is to derive the time evolution

equation for the one-particle distribution function f(¢,x,p) , which can be associated with
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the number of on-shell particles? per unit phase space.

2.9.2 Boltzmann equation
The Boltzmann equation is a fundamental equation in kinetic theory that describes the
statistical behavior of particles within a gas or a fluid, including the Quark-Gluon Plasma

(QGP) in the context of heavy ion collisions. Mathematically, it is expressed as:

%+5-vxf+ﬁ-vpf:qf] (2.28)

Here, f(Z,p,t) represents the one-particle distribution function, which depends on position

(), momentum (p), and time (t). The left-hand side of the equation describes how the

of
[T

distribution function changes the phase space. The first term accounts for the change
in f with respect to time. The second term, v - V, f, represents advection, where v is the
particle’s velocity, and V, is the gradient operator with respect to position. The third
term, F - V,f, accounts for the effect of external forces (ﬁ ) on the distribution function,
where V,, is the gradient operator with respect to momentum. Finally, the right-hand side
(C[f]) represents the collision term, which encodes interactions among particles, including
scattering processes. The Boltzmann equation is a powerful tool for describing the evolution
of particle distributions in various physical systems, from classical gases to quantum fluids

like the QGP, providing insights into equilibration, transport phenomena, and the emergence

of macroscopic properties from microscopic interactions.

2The mass-shell condition, represented by E? = p?c? + m2c?, links a particle’s energy, momentum, and

mass in accordance with classical physics. On-shell particles satisfy this condition precisely and behave as
expected in experiments. However, virtual particles, briefly borrowing energy from the quantum vacuum,
and the uncertainty principle, affecting precise measurements, introduce deviations from this ideal. These
deviations are essential aspects of particle physics, enriching our understanding of the quantum world.
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2.9.3 Particle current

Having knowledge of f(z,p) permits the calculation of numerous crucial macroscopic
quantities. In particular, the particle density that is a measure of the number of particles
in a particular region of space and is usually expressed in units of particles per unit volume
and their three-current which is a vector field that describes the flow of particles in space.

They can be expressed in terms of the distribution function:

3

n(z) —/deof(:v,p) —/(;lTp;gf(:c,p), (2.29)

o) = [aprsr) = [ 555 ran). (2.30)

The two equations above can be combined in the covariant form as the four-vector field

N () = (n(z),j(x)) = / AP f(a.p). (2.31)

The term “particle current” refers to the flow or flux of particles across a surface with unit
area that is perpendicular to the flux. In this context, the symbol N* represents the density
of the particle current. If particles possess conserved charges such as the baryon number b or
the electric charge e, then the four-currents B* = bN* and J* = eN* represent the baryon
and electric current densities, respectively. The four-current is a vector field that describes
the flow of particles in space and is given by the equation J* = (p, 7!, 42, j3), where p is
the particle density and j', 52, and 52 are the components of the current density, which is a

vector that describes the flow of particles in space.
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2.9.4 Energy-momentum tensor
Another macroscopic quantity describing matter is the energy-momentum tensor, which

is the second moment of f(z,p),

T = /de“p” f(z,p). (2.32)

There are only two components: rest mass and kinetic energy. The physical interpretation

of the components of T is as follows:

Energy density — 7% = /dP (p°)? f(z,p), (2.33)

Energy flow — T% = /deOpi f(z,p), (2.34)

Momentum density — 7% = /deipO f(z,p), (2.35)

Pressure tensor (momentum flow) — 7% = /deipj f(z,p). (2.36)

Integration measure
Due to the on-shell condition, p* = pp, = m?, only three momentum variables, say, p,,

py and p, are treated as independent which for the momentum covariant integration measure

implies
fere) = [ g 0 —m) 20 )
= G [ [ [ ) e
1 e - o 1
= G | 7| 25 50— E) + o+ E) Oo)..)
BF 1
= | GopEt ) (2.37)
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Using d[g(z)] = >, ‘TS,”(;ZC;') where z; is the root of g(z) in the second line, one can cast the

O-function in the form

0 (P'pu—m?) =0 (pg —p" —m?) =6 (py — E*) = 5[0 (o — E) + 0 (po + E)],

where ptp, = pi — p?, and E = /p?+m?. Then to obtain the last result, we use the

property [~ f(2)é(z — x;)dx = f(x;) and © which is the Heaviside step function

1, forp’>0
o) =
0, forp® <O.

Here, the d-function imposing the condition of only counting on-shell particles and the
step-function restricts the sum to positive energy states. Finally, we note that the integration

measure [ dP is manifestly Lorentz invariant as can be seen from Eq. (2.37).

2.9.5 Relativistic equilibrium distributions

The Maxwell-Boltzmann distribution is a fundamental concept in statistical physics that
describes the distribution of particles in thermal equilibrium. It describes the probability of
finding a particle with a specific momentum and energy in a thermal system. The distribution
depends on the temperature and chemical potential of the system. In addition to this classical
distribution, heavy-ion collisions may involve particles that obey quantum statistics, such
as fermions (e.g., protons and neutrons) and bosons (e.g., pions and kaons). In these cases,
the Fermi-Dirac and Bose-Einstein distributions are used to characterize the momentum
distributions of fermions and bosons, respectively, in these instances. These distributions

reflect the Pauli exclusion principle for fermions and Bose-Einstein statistics for bosons.

1

exp(F — F) +a

Jealw,p) = : (2.38)
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where the equilibrium distribution function with a = 0,1, and —1 corresponding to classical,

Fermi-Dirac, and Bose-Einstein statistics, respectively,

2.10 Relaxation time approximation
In this dissertation, we analyze the relativistic Boltzmann kinetic equations for conformal

and non-conformal system with phase-space distribution functions f(x,p) [105,106,111,126],

pu 0" f(x,p) = C[f(x,p)]. (2.39)

The left-hand side of Eq. (2.39) describes free motion of particles often referred to as “free-
streaming terms.” This part represents how particles move without interactions, while the
right-hand side contains the collision terms C[f(x, p)], which accounts for interactions among
particles in the system. In this work, the latter are included in the relaxation time approxi-
mation (RTA), which is a common simpification in kinetic theory [120-122], namely, we use

the form

Clf(wp)]) = Z2 (fog = £, (2.40)

eq
where we introduce the notation with “dot” for scalar product, p-u = p,u* = gu.p'u”
that essentially measures how much of the particle momentum is aligned with the fluid four
velocity. Here 7., is the relaxation time and the four-vector u*(z) is the hydrodynamic flow
of matter. The form of the collision term in Eq. (2.40) has simple physical interpretation:
it is assumed that the effect of the collisions on the actual distribution function f(z,p) is to
restore the distribution function to its local equilibrium fe,(x, p) value and the rate at which

this process occurs is governed by the value of the relaxation time [127].
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Part 11

Initial conditions
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Chapter 3
Glauber Model and Bjorken Model

3.1 Glauber Model

In an ultra-relativistic collision, the result of colliding two heavy nuclei, such as lead
and gold, produces the highest multiplicities of outgoing particles of all subatomic systems
known in the laboratory. Even when two nuclei hit directly, tens or hundreds of thousands
of particles are produced. This creates extremely complicated event compared to simple
proton-proton collisions. Because of the complexity of those collisions, it is reasonable to
ask how many incident nucleons are involved in a particular interaction and how the nuclei
overlap. Despite the fact that this problem appears insurmountable due to the femtoscopic
length scales involved, which preclude direct observation of the impact parameter (b) or
the number of participating nucleons (Np4) or binary nucleon-nucleon collisions (Ne),
theoretical techniques have been developed to allow these quantities to be estimated from
experimental data. These methods are commonly known as “Glauber Models” which take
into account the multiple scattering of nucleons in nuclear targets [128-132].

Glauber models are phenomenological approaches designed to determine these values for
femtosecond many-body systems. The Glauber model was developed by Roy Glauber (2005
Nobel Laureate in Physics) to solve the problem of high energy scattering with composite
particles. It gives a quantitative representation of the geometrical configuration of nuclei
during collisions. Its concept depends on the mean free path with some assumption that the
cross-section of the baryon-baryon interaction remains constant throughout the passage of a

baryon from one nucleus to another and that the nuclei travel in a straight line trajectories
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along the collision direction. Given the Glauber model, one can simulate the initial condi-
tions of a heavy-ion collision by tracing back each collision. One can then extract results
that determine the number of participants NV, and the number of binary nucleon-nucleon
collisions N, which have to be extracted approximately from experimental data using the-
oretical approaches that assume a given nuclear density distribution with fixed energy for
a given impact parameter. This is because the femtometer scales on which these collisions
occur prevent direct observation. Moreover, both N,q and Ny, along with the impact
parameter b, can describe the “centrality” of the collision.

Two basic approaches to studying the Glauber model exist: the optical technique and
the Monte Carlo approach. In the Glauber Model, to calculate the geometric parameters
and to be able to compare the geometric results of this semi-classical model with the actual
experimental data, one must use experimental data given as model inputs. The two most
important inputs are the nuclear density profile of the colliding nuclei extracted from low-
energy electron scattering experiments, which provides information about how the nucleon
density varies as a function of radial distance from the nucleus center and the energy de-
pendence of the inelastic nucleon-nucleon cross-section, which characterizes the probability

of nucleon-nucleon interactions as a function of collision energy.

3.1.1 Nuclear charge density

A nucleus is composed of protons and neutrons whose density distributions are n,(r) and
n,(r), respectively. By integration over space, one can obtain the nucleus’s atomic number
(Z) and neutron number (N). The two density configurations are not equal when the neutron
number is greater than the atomic number, especially for large-mass nuclei. Generally,
because the protons and neutrons cannot be distinguished in high-energy collisions, one can

integrate the nuclear one-body density function n(r)d®r to obtain the average number of
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nucleons within a small volume d®r as the following

/n(r)d3r = A, (3.1)

where A is the number of nucleons (mass number) of the nucleus. Inside the nucleus, the
nuclear charge density is similar to a hard-sphere, but not quite. The hard-sphere model is
considered a step function characterized by constant density within the nuclear radius but
everywhere outside the nuclear radius range, the density goes to zero, which means that no

nucleons exist outside its radius.
nsphere(r) = s (32)

where ngppere indicates the distribution given by the hard sphere model. However, the nucleus
is more accurately treated as a diffuse object instead of a sphere-shaped object with well-
defined boundaries. In the Glauber Model, the density is no longer fixed at a specific value;
that is, the radius of the nucleus is no longer represented as distinct or defined. Also, an
indefinitely long thin tail extends beyond the mean radius rather than a densely packed
nucleus in the middle. This kind of density distribution inside the nucleus is commonly
described with the Wood-Saxon nucleon density, allowing us to understand the model better.
A Fermi distribution which describes the gradual change from a high density at the center to
a lower density as one moves away from the center (radially outward), usually parameterizes
this distribution with two parameters, and it governs the density of nucleons as a function

of distance from the center of the nucleus.

1+ exp[’”:lR] ’

Ts (7) (3.3)
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Figure 1: The density distribution for Pb?*® where the black solid line represents the density
distribution given by the Wood-Saxon nucleon density, and the red-dashed line is representing
the distribution given by the hard sphere model.

where n.s indicates the distribution given by the Wood-Saxon nucleon density, ng is the
nuclear density at the center that is determined by using Eq. (3.1) and is fixed by this
normalization condition, d is the skin depth “thickness”, which identifies how sharp the
edge of the nucleus is, and R is the nuclear radius. For spherical nuclei, such as Pb, the

distribution is taken to be uniform in azimuthal and polar angles. Moreover, for a large

number of nuclei the parameters can be approximated as

R=112AY2 - 086 A3 and d = 0.54 fm. (3.4)

In Figure 1, the density distribution of Pb?* is plotted by assuming a Woods-Saxon
distribution and using the values R = 6.49 fm and, d = 0.54 fm where the black solid
line represents the density distribution given by the Wood-Saxon nucleon density, and the
red-dashed line is representing the distribution given by the hard sphere model. The main

feature of Fermi distribution is the density decreases rapidly near the surface.

3.1.2 Inelastic nucleons-nucleons cross section
The Glauber model assumes that nucleon collisions are inelastic and the colliding par-
ticles (nucleons) undergo significant interactions, leading to changes in their internal states,

and that each collision’s average number of charged particles is constant. In addition, because
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each collision results in a slight energy loss and change in momentum, the same cross-section
(a measure of the effective area for interactions) may be used for many collisions. When con-
sidering a single proton-proton collision, this cross-section is considered the same and is not
affected by the nuclear environment. The model also includes the option to use protons and
neutrons interchangeably. In reality, protons and neutrons have slightly different properties,
but for simplicity, the Glauber model treats them as equivalent when calculating cross-
sections. Moreover, because the cross section is dominated by low-momentum processes,
perturbative quantum chromodynamics (valid for transverse momentum pr > 1 GeV/c)

cannot be used to compute it [131,133]. As a result, the observed inelastic nucleon-nucleon

NN

cross-section o;,,-; is utilized as an input for Glauber computations.

3.2 Optical Glauber Model

In the Optical Glauber model limit, the interaction of two colliding nuclei is treated as
a wave phenomenon. The overall phase shift of the incoming wave is taken as a sum over
all possible two nucleon phase shifts and the imaginary part of the phase shifts is related
to the nucleon — nucleon scattering cross—section through a principle known as the optical
theorem. This optical approximation assumes that when the energies are high enough, the
nucleons have enough momentum to flow through each other without being deflected. This
is a simplification that becomes more accurate at higher collision energies. In addition, to
simplify the description of the collision dynamics it is assumed the nucleons move in the
nucleus independently. Moreover, the size of the nucleus is much larger than the extent of
the nucleon—nucleon force. In the calculation regarding this model, one has to assume that
the nucleus consists of a smooth matter density that follows the Fermi distribution in the
radial direction ( instead of thinking about individual protons and neutrons scattered around
in a chaotic manner, they imagine the nucleus as a smoothly spread-out cloud of matter)

and this distribution is taken to be uniform in azimuthal and polar angles. Because of the
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possibility for considering the independent linear trajectories of the constituent nucleons,
one can develop simple analytic expressions for the nucleus-nucleus interaction cross-section
and for the number of interacting nucleons and the number of nucleon-nucleon collisions in
terms of the basic nucleon-nucleon cross section [128].

A collision between two nuclei is referred to as an event and the line connecting centers of
colliding nuclei in a plane parallel to beam direction gives an impact vector (b). Therefore, the
impact parameter (b) refers to the length of the impact vector. According to the magnitude
of the impact parameter, one can determine the degree of centrality for the event. The two
primary types of events are central, in which the nucleons collide directly (small impact
parameters), and peripheral, in which the actual collision between the two objects does not
involve their central regions but occurs when the outer parts of the objects come into contact
(large impact parameters). As shown in Figure 2, two heavy ions, target A and projectile
B, collide at relativistic speeds with impact parameters as indicated diagrammatically in
the setup of the analytical equations. As present in the figure, two flux tubes placed at a
distance § from the center of target nucleus and a displacement 5 — b from the center of
projectile. When the two objects collide, the tubes overlap, and that is what scientists are

looking for to identify the particles produced during the collision [134].

3.3 Monte Carlo Glauber Model

The Glauber model randomly distributes nucleons within the nucleus on an event-by-
event basis! and determines collision characteristics by averaging over many events resulting
in the optical (smooth) limit [135-138]. In a Monte Carlo simulation, one can imagine a
system of the collision of two nuclei and define rules or models for how different components

of the system interact. Instead of solving complex mathematical equations analytically, one

IThe term “event” in this context refers to a single instance of a nuclear collision. In each event, a specific
configuration of nucleons is generated based on the random distribution.
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Figure 2: Schematic representation of the Optical Glauber model geometry, with transverse
(a) and longitudinal (b) views [7].

can use random sampling to explore a wide range of possible scenarios. The simulation
performs these random samplings or experiments repeatedly. Each time, it generates a set
of random conditions (e.g., the initial positions and velocities of nucleons in the nuclei) based
on probability distributions and rules that are defined. By repeating these simulations many
times, one can collect data on how the system behaves under various conditions. Then
by using statistical methods, one can estimate the average behavior or properties of the
system based on the results of these simulated experiments. Therefore, there are two steps
to perform the Monte Carlo Glauber model calculation. First, determine the position of the
nucleon in each nucleus stochastically. Second, one assumes that when the two nuclei collide,

the nucleons travel in a straight line along the beam axis.

3.3.1 Position of Nuclei

According to a probability density function, the position of each nucleon in the nucleus is
determined where the probability distribution is typically taken to be uniform in azimuthal
and polar angles. Therefore, by multiplying the Woods-Saxon function by the distance from

the center of the nucleus squared (r?), one can obtain the radial probability function n(r)r?
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Figure 3: Radial probability function for a Pb nucleus (R=6.49 fm and d = 0.54 fm by
assuming Woods-Saxon distribution.

as represented in Figure 3. The resulting equation is then used to randomly distribute the
nucleons in a three-dimensional spherical coordinate system that will be accelerated towards
each other in any given run of the model. Then, one need to convert the coordinates for each
of the 416 nucleons in Pb 4+ Pb from spherical to Cartesian to plot them on x-y coordinates

as shown in Figure 4.

Figure 4: Positions of nucleons in a lead (Pb) nucleus, sampled at random from the Woods-
Saxon distribution as part of a Monte Carlo Glauber procedure.
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3.3.2 Collision Process

In this step, all of the constituents of one nucleus are shifted by the impact parameter

that selected randomly from the following distribution up to by, =~ 20 fm > 2R [7]

dN

where N is the number of events and b is the impact parameter. The probability of a specific
impact parameter following a linear trend where hitting the center of the target area is
proportional to

do

The probability of approaching a peripheral collision (large b) is much higher than a central
collision (b = 0). This model assumes that the offset is in the positive x-direction for sim-
plicity; however, the impact parameter vector might point in any direction due to spherical
system symmetry [139]. Moreover, to have a binary collision between two nucleons, the

distance D between them (nucleons) must satisfy the following condition

D <y il (3.7)

NN
inel

where o' is the total inelastic nucleon-nucleon cross-section. Every nucleon that experi-
ences at least one binary collision is called a participant nucleons N,q+. Each nucleon that
does not satisfy this condition will pass through the interaction region without colliding or
interacting and are subsequently labeled as spectator nucleons. For each event, the total
number of binary collisions N, is defined as the number of nucleons that interact only once

and it is calculated by the sum of individual number of collisions and the total number of par-

ticipating nucleons N,4. Also, it is assumed that the nucleons follow a straight path along
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Figure 5: A simplistic picture of two nucleus (A and B) that shown the impact parameter (b)

that separating the two nuclei, binary collisions Ny, participating nucleons, N,q,, spectator

. oNN
nucleons, and the transverse distance D < —tnel

the beam axis where the longitudinal coordinate does not play a role in the calculation.?

Figure 5 illustrates these geometric quantities.

3.4 Results and Discussion

A simple Glauber multi-scattering eikonal model assumes that the colliding nucleus
constituents have straight-line trajectories, which is the standard procedure for determining
the transverse overlap area and other derived quantities in a generic nucleus-nucleus collision
(A-B) separated by impact parameter b. Here, we will present the main formulas of the model

that are used in our calculations.
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Figure 6: The nuclear thickness function, T4 (b), for a Lead nucleus by using the Woods-
Saxon parameterization.

3.4.1 Thickness and overlap functions
The primary quantity of a Glauber approach is the nuclear thickness function of the
nucleus A . This function gives the number in the nucleus A per unit area along the direction

z separated from the center of the nucleus A by an impact parameter b and is defined as

T4(b) = /nA(b,z)dz, (3.8)

where n4 is the nucleus A density. Note that T4(b) has units of inverse area and depends
only on b. Thus, the maximum thickness at the center of the nucleus is 2ny R4 while at
the edge, b ~ R, , the nucleus has zero thickness. We normalize by integrating over the

transverse spatial coordinate d?b = 27 bdb giving

/ PbTa(b) = A, (3.9)

2The x- and z-axes are used throughout this section to represent the reaction plane, which is determined
by the impact parameter and the beam direction, and the x- and y-axes are used to represent the transverse
plane.
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independent of the parameterization of the nuclear density distribution since ny can be fixed
from the normalization condition.

Figure 6 shows contour plot of the nuclear thickness function, T4 (b) calculated with the
2-parameter Woods-Saxon density distribution for Pb?%® with /syny = 5023 GeV, d=0.54
and oyy = 67 mb. Here, the highest thickness level is in the middle of the nucleus and
decreases with increasing the radius of the nucleus. The most important result about the
density for peripheral collisions where, although the impact parameter is large, the tails of
the two distributions still overlap. As we will see, the tails are important for accounting
for fluctuations in the number of participant nucleons and the number of nucleon-nucleon
collisions.

When two nuclei collide, the nucleons in nucleus A’s transverse distance s collide with
the nucleons in nucleus B’s transverse distance b —s, as seen in Fig. 2. When nucleus A is at
location (bg, z4) and nucleus B is at position (bg, z), we may compute the probability of
a nucleon-nucleon collision at impact parameter b. There are three components to find the
probability P4p(b). First, the probability of finding a nucleon from nucleus A in the volume
element d?b, dzs4 where this probability is o WCI% adza. Because of [n(r)d*r = A,
the probability is normalized and the integration over the nuclear volume gives unity. The
second component is the probability of finding a nucleon from nucleus B in the volume
element d?bg dzp and is given by a similar expression but follows for the projectile nucleon.
The last is the probability of an inelastic nucleon-nucleon collision at impact parameter b.
The simplest inelastic nucleon-nucleon collision probability is a delta function times the NN

inelastic cross section, g, 0(b — by — bg). Therefore,

bA: ZA)

n ng(bg, 2z
Pat) = " 5(bp, 25)

deA dZA dsz dZBUinel 5(b - bA - bB) . (310)

The total probability as a function of b is the integral over the volume elements of both
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nuclei, normalized per AB,

ine T b
Pip(b) = UZA—E;B() (3.11)
- (ZEZ /d%A dzad’bp dzpna(ba, za) np(bp, 25) 6(b — by —bp) (3.12)
— % /dzs dzadzgna(s,za)ne(|b —s|, zp), (3.13)

where we have integrated over bp using the delta function and identified b4 with s. By
replacing [ na(s, za)dza with T4(s) and [ np(|b—s|, z5)dzp with Ts(]b—s|), then dropping
the common factors of AB, we have the nuclear overlap function of nuclei A and B colliding

at impact parameter b, T4p(b),
Tap(b) = /TA(S)TB(|b —s|)d’s, (3.14)

where the product Ta(s) Ts(b — s) d*s gives the joint probability per unit area of nucleons
being located in the respective overlapping target and projectile flux tubes of differential area
d*s. Note that Typ(b), like the nuclear profile function, T4(b), has dimensions of inverse
area, fm~?. The integral of T4p(b) over all impact parameters is a number equal to the

product of the nuclear mass numbers
/d% Tap(b) = AB. (3.15)

As shown in Fig. 7, where Lead nuclei are used to test the predictions of model. Greater
impact parameter collisions have a smaller overlap zone and are referred to as peripheral
collisions when the impact parameter is larger in a geometrical image. As the impact pa-
rameter values decrease, so does the number of nucleons involved and the number of binary

collisions and as the result of the bigger overlap zone. Note that T4p(b) is purely a function
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Figure 7: The nuclear overlap integral as a function of impact parameter b for Pb+Pb
collisions.

of geometry, it is independent of the collision energy.

3.4.2 Number of binary nucleon-nucleon collisions
For a given nucleon-nucleon cross section o;,., one can define the number of binary
collisions or the number of inelastic nucleon-nucleon collisions in a A+B collision at impact

parameter b by the product 0, Tap(b) with

Ncoll(b) =AB Oinel TAB (b> 5 (316)

where the number of collisions is dimensionless because the units of Typ(b) is fm™2 and oy is

fm?. From this last expression one can see that the nuclear overlap function, T4z (b) = Na%l]sb)

Note that N, (b) does depend on energy since the inelastic cross section grows with |/syx.
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3.4.3 Number of participating nucleons
The number of nucleons in the target and projectile nuclei that interact in a collision at

impact parameter b is called the number of participants is given by

Npure(b) = A / Ta(s)(1 = [1 = T (s — b)oina] ") 25+ B / T(s—b) (1= [1 = Ta(8)ouma] )2 .

(3.17)

3.4.4 Eccentricity

Because heavy ions are extended objects and the impact parameter vector b is one
of the most critical parameters that dictates the overall shape of the collision region, the
system generated in a head-on collision differs from that created in a peripheral impact. In
the collision, it will create a pressure differential from the dense core to the border of the
system. For central heavy-ion collisions, this pressure gradient is radially symmetric and all
particles produced in the system will give a radially outward boost that affects the transverse
momentum spectra of particles. The impact parameter of the collision greatly influences the
geometry of the interaction zone in non-central collisions. Just after the collision of the
two nuclei in a heavy-ion reaction with non-zero impact parameter, the initial high-density
volume has the shape of their overlap region. The overlap zone has an almond-like shape in
the transverse plane. This region is elongated along an axis perpendicular to the reaction
plane—that is, the plane defined by the beam direction and the line between the centers of
the two nuclei as they collide. The momentum anisotropy of the generated particles results
from the spatial anisotropy about the zy plane (the reaction plane).

The deviation of that shape from a circular shape can be described by the eccentricity e
under the assumption that the position of all participating nucleons is known. In other words,
the eccentricity quantifies the initial spatial anisotropy (i.e. the shape and orientation) that

ultimately results in the anisotropic final momentum distribution for emitted particles that
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Figure 8: Top: the eccentricity of a A-B collision at impact parameter b = 0. Bottom: the
eccentricity of a A-B collision at impact parameter b = 8 fm.

is observed in elliptic flow. The eccentricity of a A-B collision at impact parameter b can
be obtained from the asymmetry ratio between the x and y “semi-axis” dimensions of the
overlap zone, weighted by the number of nucleon-nucleon collisions at b. If the quarks and
gluons occupying the initial asymmetric volume are indeed interacting collectively, pressure
gradients during the subsequent expansion will result in an anisotropic distribution of the

final particles with respect to the reaction plane. The eccentricity is defined as

\/<r" cos n@)’ + (rmsinng)”
() '

En =

(3.18)

This may be calculated in two ways. In the optical limit, the averages are calculated with
a fixed impact parameter and weighted by the local participant or binary collision density.
The Monte Carlo method basically involves calculating the moments of the participants

themselves.
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In Fig. 8, one can see very different limiting behavior at very large and small impact
parameter. For a central collision as b = 0 in the optical limit, €, also goes to zero as the
system becomes radially symmetric. In the event-by-event MC Glauber model, one can see
that there is very small eccentricity but non zero in all of n due to fluctuations. In addition,
one can find the relation between the average eccentricity that is averaged over an ensemble
of sampled collisions N=1000, by calculating e, for each of these events and collecting them
to get a probability distribution function for 5. As a result, one can see that it is peaked
around 0.05 but it is non zero so on average a central heavy ion collision has a very small 9
which will seed even elliptic flow in a head on collision. By looking instead to non-central
collision b = 8 fm, there is a very large second order eccentricity coefficient with peak at
0.3. Although there are fluctuations, they have on average a quantifiably larger spatially

eccentricity in this centrality class than in the central collision.

Centrality Class
After defining these quantities, one can show that the “centrality class” in the Glauber
model can be used for categorizing collision occurrences into different degrees of centrality.

Knowing the distribution of inelastic cross-sections as a function of the impact parameter

d‘zlévbN , the portion of centrality (¢;) in the optical Glauber model is

1 b; ,max
i = W/ d*b[1 — exp(=Tap(b)o™)]. (3.19)
b

Otot i ,MAN

This means, for each centrality class, the impact parameter intervals [0,b(c;)] are fixed.

Therefore, the average impact parameter in each class is

b;,max

_ 1 nn
b; = Ucm/b d*bb[1 — exp(—Tap(b)o™)]. (3.20)

i,MAN
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Figure 9: The impact parameter (b = 4.5) for Pb-Pb collisions at /syy = 5023 GeV.

Normalized Integrand

Also, the average number of participants in each class is

- 1 b;,max -
NP t_ am/b d*b n;‘aAﬁ[l — exp(=Tap(b)o™)]. (3.21)

e Jbgmin

The approach is similar for the Monte Carlo Glauber, except that the number of participants
or binary collisions is utilized instead of the impact parameter.

Fig. 9 illustrates how the Woods-Saxon parameterization affects the result. The cross-
section grows linearly with the value of the impact parameter (b) up to roughly twice the
nuclear radius (R), at which point any nucleon-nucleon collisions start to decrease. When
b =~ 2R, the cross-section slowly tails off to zero instead of sharply dropping off to zero.
However, because the nuclei are not hard spheres but rather a bit more diffuse, as seen by
the nucleon distribution map in Fig. 1, it is not a dramatic drop-off.

The optical limit of the Glauber Model has one problem related to the accurate results.
Within optical approach, one treats the nucleons as a continuous fluid. In other words, the
nucleons are fixed in space for every nucleus and eliminates all randomness. As a result, this
model presents a slightly inaccurate portrayal of the nucleus. Because of this, one needs to a

Monte Carlo Glauber Model that resolves this problem. An illustration of a Glauber Monte
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Figure 10: The impact parameter (b = 4.5) for Pb-Pb collisions at \/syny = 5023 GeV.

Carlo event for a Pb+Pb collision at \/syn = 5023 GeV is shown in Figure 11 with impact
parameter of b = 0 fm (right) and b = 8 fm (left) viewed in the transverse plane. The darker
green and darker blue circles are the participating nucleons, the lighter colored circles are
spectator nucleons. This simulation is considered at the first moments of the collision. The
average number of participating nucleons and binary nucleon-nucleon collisions and other
quantities are then determined by simulating many nucleus-nucleus collisions as shown in

Figure 12.

Pb+Pb, b=0fm

Pb+Pb, b=8fm

y(fm)

-5 0 5
x(fm)

Figure 11: Typical Monte Carlo Event for Pb+Pb collisions at /syy = 5023 GeV with im-
pact parameter of b = 0 fm (right) and b = 8 fm (left). Darker circles represent participating
nucleons, and lighter circles show spectator nucleons.

In this histogram, the probability distribution for the number of participants where in
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the head on collision that almost all of the nucleons are going to collide. Therefore, the
number of participants will be basically two times in this case 416 for Pb2*®. However, that
is not very probable what is more probable is that roughly 408 of them collided. So even
for a fixed impact parameter the number of participants fluctuate and change from event to
event and hence even the multiplicity will fluctuate. Whereas if one consider an off central
collision, it is between 120 and 200. By averaging over this distribution function, one get

the average number of participants (Npet) -

Centrality Class Impact parameter

Crmin ‘ Crax bmzn ‘ bma:t <b> Npart
0 0 0 0 0 406.923
0 0.05 1.499x 1078 | 3.48489 | 2.32326 | 376.44

0.05 0.1 3.48489 4.92838 | 4.24791 | 317.635

0.1 0.2 4.92838 6.96978 | 6.00746 | 245.143

0.2 0.3 6.96978 8.5362 | 7.77937 | 169.72

0.3 0.4 8.5362 9.85676 | 9.21228 | 113.231

0.4 0.5 9.85676 11.0202 | 10.4493 | 71.3126

0.5 0.6 11.0202 12.072 | 11.5541 | 41.3331

0.6 0.7 12.072 13.0393 | 12.5619 | 21.4075

0.7 0.8 13.0393 13.94 | 13.4945 | 9.69161

0.8 0.9 13.94 14.8437 | 14.3815 | 3.8046

0.9 1 14.8437 20. 15.6555 | 0.967611

Table 1: The relation between centrality class and impact parameter ,the average impact
parameter, and N4+ corresponding to each class.

In Table 1 in Pb-Pb collisions at \/syn = 5023 GeV, we list the minimum centrality
(Cmin), and the maximum centrality (c¢..) for each centrality class. We also show the
corresponding minimum and maximum impact parameter in that class (bpin, bmaz). In
simulations, usually one takes the average impact parameter (b) corresponding to each class.
In order to compare the result of the distribution between the optical limit and Monte Carlo

simulations, we performed for Pb—Pb collision within the center of mass energy equal to 5023

GeV and oV = 67 mb.

inel —
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Figure 12: Probability distribution for the number of participants nucleons with number of
sample = 1000 for Pb-Pb collisions at /syn = 5023 GeV and impact parameter b = 0 fm
(right) and b = 8 fm (left).
3.5 Conclusion

In summary, although the Glauber model is somewhat straightforward, it is able to ex-
plain a wide range of effects observed in high-energy heavy-ion collisions by strictly consid-
ering geometric factors. The Glauber model provides a numerical account of the geometrical
arrangement of the nuclei during a collision. It models the collision between two atomic
nuclei as a sequence of individual collisions between the nucleons that make up each nucleus.
Both the nuclear density profile and the inelastic nucleon-nucleon cross-section are provided
as inputs to the model, allowing for a direct comparison of the geometric findings to actual
experimental data. We assume that the static cross-section is independent of nuclear envi-
ronment and is the same as for nucleon-nucleon collision. There is only this one non-trivial
reliance of the model on the beam energy. By using the impact parameter and center-of-mass
energy from the Glauber model, we can calculate the total number of nucleons involved and
the total number of binary collisions. Both an optical and a Monte Carlo version of the
Glauber model are available. The optical Glauber model treats the nucleus like a uniform

distribution of matter, while the Monte Carlo variant randomly inserts nucleons into the
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nucleus in accordance with the density profile of the nucleus. The number of binary colli-
sions and involved nucleons is derived analytically for the Optical Glauber model and tallied
for the Monte Carlo version. We define centrality classes and then map the Glauber model
to them in order to better grasp its relevance with respect to the generation of charged
particles. The reaction volume immediately following a non-central collision has an ellipti-
cal profile. The short side of the ellipse has a higher pressure gradient than the long side.
Particles that are created as a result of this initial spatial anisotropy will have momentum
anisotropy, which is defined by eccentricity. We discover that the experimentally observed
value of the momentum anisotropy, v,, increases with increasing eccentricity. Anisotropy in
momentum space is established as a result of the anisotropy of the collision geometry, and
eccentricity may be calculated using this straightforward geometric model. Overall, although
the Glauber model is somewhat straightforward, it is able to explain a wide range of effects

observed in high energy heavy ion collisions by strictly considering geometric factors.

1)



3.6 Bjorken model

In this model, it is assumed that the collision axis is the longitudinal z-axis, and the
nuclei are assumed to be homogeneous and have an infinite transverse extent. This indicates
that the properties of colliding nuclei are independent of the orthogonal coordinates x and
y. It is considered that collision-produced matter is invariant with respect to z-axis boosts.
Boosts in this context refer to Lorentz transformations that account for relative z-axis mo-
tion. In heavy ion collisions with high energy, the two nuclei pass through each other and
the partons are barely stopped. This assumption is the basis for much of the interpretation
of high-energy events, and a vast quantity of evidence supports it. For a period of time that
is short in comparison to the nucleus’ transverse dimension, the transverse expansion can
be disregarded. Because the nuclear constituents pass through one another, the longitudinal
momentum is significantly greater than the transverse momentum. The space-time coordi-
nates and the typical z momentum have a strong identity due to this scale gap. For example
a particle with typical momentum p, and energy E one can relate its position in space-time

to its longitudinal momentum and find the velocity of matter along the z-axis as follows

: (3.22)

12
SN

S

where v® represents the velocity of the particle in the z direction, p, is its longitudinal
momentum, z is the spatial coordinate in the z direction, and ¢ is time. To analyze this
kinematics effectively, one should deal with proper time 7 and space-time rapidity® 7, that

define as

1 t
T=VI? — 22, nSE§10g< +Z).

t— =z

Particles with rapidity y are predominately located at space-time rapidity under specific

3Here 7, denotes the space time rapidity, TMpseudo denotes the pseudo-rapidity, and 7 denotes the shear
viscosity.
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Figure 13: The green solid line represent the constant of rapidity 7, and the red solid curves
indicate the constant of the proper time 7.
conditions specifically at the proper time 7 (see fig. 13). Mathematically, to relate how fast

a particle is moving y to where it is located in space and time 7, one can use this equation

1 t+ 2
~ -] =1,. 3.23
5log— =1 (3.23)

p.+E

In addition, Bjorken’s simplifying assumption is that the energy density is uniform in space-
time rapidity at a specific proper time. This assumption facilitates the analysis of particle
behavior in high-energy nuclear collisions by implying that the relationship between space-

time rapidity and positions remains constant as matter evolves over time, i.e.

€(10,ms) ~ €(70) - (3.24)

With this simplification, the relationship between the properties of particles and their ra-
pidities remains independent of 7, as the fluid evolves over time. This makes it much easier

to study the behavior of particles at various rapidities without reanalyzing everything for
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each value of rapidity. Therefore, this model has

e(t,x) = e(7), ut(t, z) = (u®,u”, u¥,u*) = (cosh(ns),0,0,sinh(n,)). (3.25)

In addition to u* we introduce three additional four-vectors (z*,y* and z*) defined by the

equations

z = (0,1,0,0), (3.26)
g = (0,0,1,0), (3.27)
¢ = (2/71,0,0,t/7) = (sinh(7;), 0,0, cosh(ny)). (3.28)

The four-vectors z#, y* and z* are space-like and orthogonal to u*

rr = yy =2z = —1, (3.29)
rou = y-u=z2-u=0, (3.30)
ry = y-z = z-x = 0. (3.31)

We note that at each spacetime point = the four-vectors u*, z*, y*, and z* form a vector
basis.

Although the matter is described in a four-dimensional Minkowski spacetime, to conve-
niently describe this system, the coordinates are modified from the four-dimensional Minkowski
spacetime to Milne coordinates. This choice of a mathematical coordinate system makes the
matter appears as if it is not moving at all (static), but the space-time itself is expanding
in one particular direction (longitudinally along the z-axis). Moreover, this transformation
is non-linear. It has a new metric described by g,, that describes how spacetime is struc-

tured in Milne coordinates. Specifically, it indicates that time (the 7 component) is treated
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differently from space (the spatial components), and the space-time is expanding but flat 4.
Therefore, instead of ¢ and z, the analysis employs proper time (7) and space-time rapidity

(ns) one obtains

= (1,21,ms), g = diag(l, -1, -1, —7'2), (u”,u® u?, u™) = (1,0,0,0). (3.32)

Substituting the boost invariant ansatz Eq. (3.25) into the conservation laws yields the
following equation that describes the evolution of energy density in the ideal hydrodynamic

limit
P
D= 10 (3.33)

T

and one can find the solution for energy density by using an equation of state that relates
the pressure (P) to the energy density (¢). For a relativistic gas in three spatial dimensions,

P = c%e, where ¢? represents the squared speed of sound, one finds

“(r) _ <@>HC§ , (3.34)

where this equation has solution in the equilibrium case for massless ideal of gas equation of
state with ¢Z = (e = 3P oc T*)

T(r) =T(10) (E);’ : (3.35)

where 7y is an integration constant.

4In special relativity, spacetime is considered “flat” when it follows the rules of Euclidean geometry, where
straight lines remain straight, and the shortest distance between two points is a straight line. In contrast,
in general relativity, spacetime is curved by the presence of mass and energy. This curvature leads to the
bending of paths that objects follow, which we perceive as gravity.
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Chapter 4
An improved anisotropic hydrodynamics ansatz

4.1 Introduction

In the very early universe (a few microseconds after the Big Bang), the quark-gluon
plasma (QGP) is believed to have existed where the energy density can reach values over ten
times higher than those of ordinary nuclei. It was speculated theoretically that one can reach
these extreme conditions by colliding two heavy nuclei with ultrarelativistic energies. In this
collision, the temperatures can be over a million times hotter than the core of the sun, and a
fraction of the kinetic energies of the two colliding nuclei is transformed to heating the QCD
vacuum within an extremely small volume. Because of the appearance of modern accelerator
facilities, ultrarelativistic heavy-ion collisions (URHICs) are able to provide an opportunity
to systematically create and study different phases of the bulk nuclear matter. In heavy-
ion collision experiments at Relativistic Heavy-Ton Collider (RHIC) located at Brookhaven
National Laboratory, USA, and Large Hadron Collider (LHC) at European Organization for
Nuclear Research (CERN), Geneva, the new state of matter (the QGP) is widely believed
created. Results obtained at RHIC energies and recently at LHC energies strongly suggested
the formation of a quark-gluon plasma (QGP) which may be close to (local) thermodynamic
equilibrium, albeit in a tiny volume (~ 100 — 1000 fm®). After the QGP is generated, it is
expected to expand, cool, and then hadronize in the final stage of its evolution, with a QGP
lifetime on the order of 10 fm/c in central collisions [140-142].

Heavy-ion collisions such as those at RHIC and LHC provide a primary tool to study the
thermodynamic and transport properties of the QGP. Of remarkable importance is knowl-

edge of time evolution of the rapidly expanding QGP that is produced in these URHICs.
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For this purpose, one can use a basic theoretical approach called relativistic hydrodynamics
to describe the QGP. The reader can see chapter (2) for more details. The resulting models
describe the collective behavior of the soft hadrons with pr < 2 GeV quite well. In early stud-
ies, it was found that the QGP created at RHIC energies was well described by models which
assume ideal hydrodynamic behavior from very early times 7 < 1 fm/c [64,65,143]. Strictly
speaking, one can apply ideal hydrodynamics if the system is in perfect isotropic local ther-
mal equilibrium. Based on these early studies, it was expected that the QGP would isotropize
on a timescale 7 ~ 0.5 fm/c. In practice, however, when one includes viscous corrections
to the hydrodynamical models [66-80, 82-96, 144] one observes that at times 7 < 2 fm/c
there can still be sizable differences between the transverse pressure, Pr, and longitudinal
pressure, Py, which is associated with the existence of a non-equilibrium hydrodynamic at-
tractor [145-182]. In addition, as one moves closer to the transverse/longitudinal edges of the
QGP, the size of the pressure anisotropies increases at all times [6,183,184]. Faced with this,
researchers suggested to find another method to formulate hydrodynamics in a momentum-
space anisotropic QGP. Recently, there have been theoretical and phenomenological studies
that try to better account for large deviations from isotropy by relaxing the assumption
that the QGP is close to local isotropic thermal equilibrium. To address this issue, they
introduced a framework called anisotropic hydrodynamics (aHydro) in order to describe the
non-equilibrium dynamics of relativistic systems, without breaking important physics con-
straints such as the positivity of the one-particle distribution function [97,98,109, 185-187].

In a prior paper [165], comparisons between three hydrodynamic models and exact solu-
tions of the RTA Boltzmann equation [188-190] were presented. It was found that linearized
viscous hydrodynamics performed more poorly than the canonical formulation of aHydro in
reproducing the exact attractor for all moments. However, although the canonical aHydro

formulation [97,98] did a reasonable job in describing moments with [ > 0, Ref. [165] found
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that it did not provide a good approximation for moments with [ = 0. The failure of the
canonical formulation was postulated to be due to the fact that the exact solutions to the
RTA Boltzmann equation have an explicit two-component nature and cannot be accurately
described by a single ellipsoidal form. As a result, it would be interesting to implement aHy-
dro with a two-component ansatz for the distribution function to see if a better description
of moments with [ = 0 can be achieved. Additionally, it would be interesting to see if this
also results in a quantitative improvement for higher-order moments.

In this chapter, we report on our progress in obtaining improved dynamical equations for
anisotropic hydrodynamics through the use of an improved ansatz for the form of the under-
lying aHydro distribution function which explicitly includes a free streaming contribution.
We demonstrate that with this improvement one can better reproduce exact results available
in the literature for the evolution of moments of the distribution function, in particular, for
moments which contain no powers of the longitudinal momentum in their definition (I = 0
moments). Using the resulting dynamical equations, we extract the non-equilibrium attrac-
tor associated with our improved aHydro ansatz and demonstrate that the improvement also
allows one to better reproduce the exact dynamical attractor obtained using kinetic theory
in the relaxation time approximation, particularly at early rescaled times and for [ = 0
moments. We will focus our attention in this first work on a conformal system undergo-
ing boost-invariant and transversally homogeneous Bjorken expansion, however, the method
introduced herein is easily extended to full 3+1d.

The chapter is organized as follows. In Sec. (4.2) we present the basic setup and assump-
tions used for the system and introduce the original aHydro distribution function and our
improved aHydro distribution function ansatz. We then use the first and second moments
of the Boltzmann equation to obtain equations of motion for the dynamical parameters ap-

pearing in both versions. We do this explicitly for a system undergoing boost-invariant 0+1d
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Bjorken expansion. Using the resulting dynamical equations we obtain the time evolution of
all moments of these distribution functions. In Sec. (4.3), we present our numerical results

and discuss. In Sec. (4.4) we present our conclusions and an outlook for the future.

4.2 Setup

For the original and modified anisotropic hydrodynamics work, we assume a system
of massless particles that is undergoing boost invariant longitudinal expansion (v, = z/t)
and expands only along the beam-line axis. We ignore the effects of transverse dynamics.
Accordingly, one can assume a homogeneous distribution in the transverse directions and
set v, = 0. By taking these assumptions into account, only proper-time derivatives remain,

and the dynamics reduces to 0+1d dimensional evolution [124].

4.2.1 The distribution function

(Old aHydro) (4.1)

P’ +{(@)p? px)
Jrs(#,p) = feq ( Az) A(ac))

f(p,7) = fol(&rs, Mo)D(7,70) + frs(&, A)[1 — D(7,70)] (New aHydro) (4.2)

The old anisotropic hydrodynamics approach (old aHydro) allows for an intrinsic
momentum-space anisotropy, which is characterized by a single parameter £. It is used to
model the distribution of particles in the system in the local rest frame (LRF) as shown in
Eq. (4.1). This distribution function is characterized by two parameters, the local anisotropy
parameter £, and the local scale parameter A, which is related to the temperature of the
system. Whereas it reduces to the temperature in the isotropic limit when £(z) — 0. The
symbol p(z) indicates the local chemical potential. In what follows, we will additionally

assume zero chemical potential, y = 0.
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In the new anisotropic hydrodynamics approach (new aHydro), the particles
are described by an improved distribution function that takes into account both the free-
streaming and equilibrating contributions. The free-streaming term accounts for the motion
of particles without any interactions or collisions between them since the interactions between
particles will modify the initial conditions. Therefore, it represents the initial conditions of
the system and contributes to the distribution function. This term is important for under-
standing how the system evolves over time, as it provides information about the behavior
of particles before interactions occur. In contrast, the other term characterizes the particle
interactions that lead to the establishment of thermal equilibrium. This term represents
the effects of collisions and interactions that modify the free-streaming term’s initial condi-
tions. By incorporating the equilibrating term, the distribution function incorporates system
changes caused by interactions and provides a more precise description of particle dynamics.
This formulation permits a complete description of the system, taking into consideration
both the initial free-streaming and the subsequent evolution caused by particle interactions.
In this ansatz, fp is the initial particle distribution with &rg obtains from 9.& = 2(1 + ¢€)

with the initial condtion 7 =79 — £ =&

2

frs = (1 + 50):—3 1, (4.3)

where £pg is the momentum-space anisotropy in the free-streaming term, and &, is the initial
momentum-space anisotropy, 7o is the initial proper time, and A is the initial momentum
scale. The new aHydro approach is more accurate than the old aHydro approach, especially
at early times when the system is far from equilibrium. In the new aHydro, taking the limit
D — 0 will reduces this ansatz to the original ansatz “old aHydro” used in aHydro [97,98].
In the results section, we will compare to this limit and refer to it as “old aHydro” and refer

to the new ansatz Eq. (4.2) as “new aHydro”. We note that the form of the new ansatz is
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similar in spirit to an approach advocated recently by McNelis and Heinz, with the second
term being related to way they termed the hydrodynamic generator [191].

In both forms, the frs indicates the anisotropic Romatschke-Strickland form [192,193]

A

fus(€.A) = g (—M> | (4.4)

The thermal equilibrium distribution function has functional form

foq = {exp (p ”““(x)T_ “(x)) + a} h (4.5)

with a = 0,1, and —1 corresponding to Maxwell-Boltzmann, Fermi-Dirac, and Bose-Einstein
statistics, respectively. Here we will assume that feq is given by a Boltzmann distribution.
Note that, the free-streaming distribution function f; is also of RS form but with £ = &pg
and A = Ay, i.e.

fo(st, AO) = fRS(gFSa AO) . (46)

Here we use the label ‘0’ to emphasize that this contribution is constrained by the initial
condition for the distribution function. Additionally, —1 < £ < oo is a parameter that
indicates the strength and type of momentum-space anisotropy. By stretching (—1 < £ < 0)
or squeezing (£ > 0) the underlying isotropic distribution function f,, along one direction in

momentum-space, one can obtain an anisotropic distribution function.

4.2.2 The damping function

In Eq. (4.2) we have also introduced the damping function D(7, 1)

D(1,19) = exp [ — / dr’ ] , (4.7)

Teq (")

70
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that quantifies the balance between the initial conditions (free-streaming term) and the inter-
actions that lead to thermal equilibrium (equilibrating term) as a function of proper time 7.
It allows the distribution function f to smoothly transition from its initial state to an equi-
librium state over time, making the new aHydro formulation more suitable for capturing the
time evolution of the system from its non-equilibrium state to a state of thermal equilibrium.
For finite 74, the damping function D(r, 79) satisfies lim,_,,, D(7, 79) = 1. This suggests that
at early times, the distribution function f is dominated by the free-streaming term f;, which
represents the initial conditions of the system prior to the occurrence of significant interac-
tions and the distribution function Eq. (4.2) reduces to the initial distribution function fq.
This indicates that the distribution function initially stores information regarding the initial
momentum-space anisotropy. In contrast, as 7 approaches infinity (lim,_,., D(7,7) = 0), the
dynamical Romatschke-Strickland (RS) term dominates the distribution function f. This
is because the system experiences significant interactions and approaches thermal equilib-
rium at late times. The equilibrating term dominates the distribution function because it
represents the effects of collisions and interactions that modify the initial free-streaming con-
ditions, resulting in an approach to thermal equilibrium. We note for future use that the
damping function satisfies
0D(1, 1) D(r, 1)

or Teq(T) (4.8)

4.2.3 General moments of the distribution functions
In general, one can compute a large set of moments of the one-particle distribution

function by using the form

Mo f] = / dP (p-u)"(p - 2 f(p). (4.9)
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with the Lorentz-invariant integration measure as we calculate in Eq. (2.37)

d*p 1
fare [ 01 o

where p# is the particle four-momentum, u* is the time-like fluid four-velocity and z* is a
space-like vector orthogonal to w*. In the LRF of the system, one has uf'z = (1,0,0,0) and

Zrp = (0,0,0,1).

General moments of the old distribution function form

Using the old form, the necessary moments of the distribution function can be calculated
analytically. Moreover, the moment in the LRF can be decomposed into a function that
depends only on £ and another function that depends only on the scale A as follow,

Malfl = /dP (p-w)"(p-2)* feq (—M> :

A

3 1
= /(sﬂ) V7 + D)7 P2 feq <\/pT 1+¢) pz)

A
AnH2+2 / 1 -l
— d3]5 (A 4 A2> A2l f p
e+ g e’ (1Pl
An+21+2 e8] ™
= —/ dp p* " f(Ip)) anH/ sin @ cos? 0 (a? cos® 0 + sin®0) "2 d6 .
(2m)? Jo N 0 |
r(2112+2) Hoi ()
(4.11)
Here, in the second line in order to evaluate the integral, we use p-u = F, p-2z = —p,,

E = /p3 + p?, and using the old aHydro distribution function Eq. (4.1). In third line, we
have made a change of variables to pr = pr/A, and p, = /1 + £p./A. In the fourth line, we

transform the variable to spherical coordinates by using: p, = psinf cos ¢, p, = psinfsin ¢,

p. = pcosh, and a = \/@ Now, working in H,; (a = \/11T£> by using the identity sin® 6 =
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1 — cos? 0, changing the variable to u = cos§ with du = sin 6df and using the symmetry of
the integral 2 folduu one obtains the final expression for the integral in terms of a function

of u. In practice, one finds

1 v
Houl o = — = a2l“/ sinf cos® 0 (a? cos® O + sin? 6) z “do
: ( VH‘f) 0 (o* )

1 _
— 2a2l+1/ 'U/2l |:1+< ) :|2 du
0
2 g2+ 11-n 3
- Fili+= 11— 4.12
25+1“<+2’ y g th O‘) (4.12)

where 5 F} is a hypergeometric function, so the final result for the general moment for the

old ansatz is

A2H42 (2] 4 4 2) 1
nl [
M (7) (2m)2 H (\/m)
2AZHNHIT(2] + 1+ 2) P ( 1 1-n 3 13

(27m)2 (20 + 1) (\/1+&)2+1 oI ( 1+ 2 9 +l 1 5) (4.13)

For the case n = 2 and [ = 0 the function Hyy appearing in Eq. (4.13) may be expressed

in terms of the function Ry defined in Refs. [97,100,103], namely
1
Hgo (Oé) == 2R20 <— - 1) (414)

where Ro(§) = [(1 +&)1+ arctan(\/f) / \/a We provide additional information regard-

ing the H and R functions in the appendix (D).
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Bulk variables for the old form
Here, in this case the bulk variables, i.e the number density, the energy density, and the

components of the pressure, are:

10 _ U _ 1 n _ 1 3
n= Ml = [ 4P -0 P) = Sm=ned) = (4.15)
e= M = [P (- 0?1 () = RiOeult) = 55 N RO (4.16)
Pu= M3y = [P F ) = Ru©Pu(d) = AR (417)
Pr = Ra(€) Pulh) = —5 A R () (4.18)
with
17 1 arctan /&
RaO = 5 ret SUE )
3 [L4(E— DR.(E)
Ra) = g |,
3 (64 DR.(E) 1
RL(§) = Z{ cr1 ] (4.19)

which satisfy 3R. = 2Ry + R due to the conformality of the system. Note that certain
moments map to familiar hydrodynamics variables, e.g. taking n = 1 and [ = 0, one obtains
the number density n, taking n = 2 and [ = 0, one can evaluate the energy density €, and
taking n = 0 and [ = 1, one obtains the longitudinal pressure P;. Moreover, for a conformal
system, one can use € = 2Pr 4+ P to determine the transverse pressure and by using the

mass shell condition one obtains p% = [(p - u)? — (p- 2)?]".

General moments of the new distribution function form
Using the new form, one finds that all moments of the distribution function can be

decomposed into two terms by following the same steps as in old aHydro:
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e First term (Free streaming term) in Eq. (4.2):

M = / 0P (pu)"(p2)?' fo

d3p n 2l

1 n—1 p2 1
— d3 2_1_272[(3 —Z’Wltha:
(27)? / p(pr +p%) > P: feq TY o= T
Pz
A2l+n+2 o) - N
- (02 )2 / dp P feq(p) o™ / dfsin @ cos™ 0 (ag cos? 0 + sin’ 0) 2
Q 0
:F(Q;J:n+2) H,;(rao)
so the final result is
2l+n+2
My (027r)2 L@+ 71 +2) Hulao)
2A(2)l+n+2 L1 n. ;

—(27T)2<2l n 1) F(Ql +n 4+ 2) agl—i-l o (l + % T, 5 =+ l; 1— ag) . (420)

e Second term (Evolution term)in Eq. (4.2):

We can obtain the result from the free streaming result, by noting that fy; becomes frg

under the subsutituions:

My = M
AO — A
rs — &

1 1
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therefore, the general moment for this term will be

A2l+n+2

(2m)?
2A2l+n+2

_ 20+1

ML T(20 + 1+ 2) Hu(a)

1 1—n_3

S 1—a?). (4.21
3 ipiatiiat). (a2

e Putting the pieces of Egs. (4.20) and (4.21) together:

By taking a general moment of Eq. (4.2), one finds
Miew (1) = MG [fo(€rs, Ao)] D (7, 70) + MEs[frs (€ A)][L — D(7, 70)]- (4.22)

Using the result obtained above Egs. (4.20) and (4.21), one can write the general

moment for the new anstaz as

MM (1) = F(2l(_2|_7r7;2+ _2) {Aﬁ””” Hoi (o) D(1,70) + A*T2 H o (a)[1 — D(r, 7'0)]}

(4.23)

Bulk variables for the new form
Here, one finds that all moments of the distribution function can be decomposed into

two terms, and the bulk variables; e.g. the number density

n=M>0 = /dP (p-u)f(p) = M [fo] D(,70) + M [frs][l — D(7,70)]

= % [ao A3 D(7,70) + a A*[1 — D(r, To)]] ) (4.24)
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the energy density

€=M, = /dp (p - u)*f(p) = M*[fo] D(7, 70) + M*[frs][1 — D(7, 7)]

3
53 |

Ag He(ag)D(1,70) + A* He()[1 — D(7, 7‘0)]] , (4.25)
the longitudinal pressure

P =M, = /dP (p-2)*f(p) = M [fol D(7,70) + M™[frs][L — D(,70)]

3
el

A2 H((ao)D(7,70) + A* Hp(a)[1 — D(r, )] (4.26)
the transverse pressure because the system is conformal, one can use € = 2P + Py,

Pr = Pro(&rs, Ao) D(7,70) + Prrs(§,A)[1 — D(7,70)]

= % {AS He(ap) — Hilao)] D(1,70) + A* [He(a) — Hi(a)] [L — D(1,70)]} (4.27)

where the left hand sides in Eqs. (4.25), (4.26), and (4.27) are the non-equilibrium energy
density, longitudinal pressure, and transverse pressure, respectively.
Since both the free-streaming and equilibrating contributions are of RS form, we can

compute the moments for both of these contributions using [165]

A?FHR20(21 +n + 2) 1
nl — nl 4.9
MaHydro(T) (27?)2 H ( 1+ f) ) ( 8)
with

2921 1 1—-n 3

where y = 1/y/1 +¢&.

In practice, we will scale these moments by their equilibrium limit M2 (T'(7)), which one
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can follow the same steps as M™[f] by assuming that the underlying isotropic distribution
function is a Boltzmann distribution function, and the moment in this limit is

2T ID(20 4 n 4 2)

Mg (T(7)) = CEEEY (4.30)

and for more details about the steps the reader can see the appendix (E). Using the improved

aHydro ansatz Eq. (4.2) one obtains

i _ M [fU]D(Tv 7_0) + M [fRS] [1 - D(Tv TO)]
MU[f] = M) : (4.31)
where we have introduce the scaled moments
nl
M () = M (7) (4.32)

- M)

Note that one has ﬂgﬁlydro(ﬂzl if the system is in equilibrium.

4.2.4 Moments of Boltzmann equation

Low-order moments of the Boltzmann equation can be used to study the evolution of a
system’s bulk characteristics. The evolution equations for tensors of various ranks can be
obtained by computing the moments of the Boltzmann equation; the first moment provides
the evolution equation for the energy-momentum tensor, while the second moment describes
the evolution of a rank three tensor.

Our starting point is the Boltzmann equation for massless particles

Prouf = Clfl, (4.33)

where the collisional kernel is taken to be the relaxation-time approximation (RTA) collisional
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kernel

CUf) ==l = FealT] (.34

and u* is the four-velocity associated with the local rest frame. The form of the collisional
kernel has a simple physical interpretation: when the particles collide and interact with
one another, their momenta and energies tend to be redistributed. The actual distribution
function tends to approximate the equilibrium distribution function as a result of this re-
distribution process. Herein we will focus our attention on a system that is transversally
homogenous and subject to boost-invariant Bjoken flow (041d). The equilibrium time (7eq)
in RTA that determines the rate at which this process of approaching equilibrium takes
place must be proportional to the inverse of the local temperature to maintain conformal

invariance and is expressed as [194,195]
Teq(T) = (435)

where 77 = 1/s is the ratio of shear viscosity 7 to entropy density s. The 1/T factor ensures the
system equilibrates faster at higher temperatures and slower at lower temperatures, preserv-
ing the physics of the system during expansion and consistent with changes in temperature

and system expansion.

First moment

The first moment of the left-hand side of the Boltzmann equation defines the divergence
of the energy-momentum tensor that reduces to 9,7""; however, in the relaxation time
approximation the first moment of the collisional kernel the right hand side results in a con-
straint that must be satisfied in order to conserve energy and momentum, i.e. [ dP p*C[f] =
0. This constraint is referred to as the matching condition which we will talk about it later

and allows one to compute the local effective temperature of the system. In RTA, it results
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in the following constraint equation

ceq(T(7)) = €(&(7), A7), (4.36)

where the equilibrium energy density €., only depends on the effective temperature 7'. As a

result of this constraint, computing the first moment gives

8,T" =0. (4.37)

Expanding this equation out in terms of the non-vanishing components of the energy-
momentum tensor, for a 0+1d system, one obtains an evolution equation that can be written

compactly as

P
re— 10 (4.38)

T

See the appendix (E.1.1) for more details about obtaining the last equation.

The 0+41d equation of motion for old aHydro case

The derivative of the energy density for the old case is given by
3
2

Ore = SR € A+ 4 A° O, A R(€) (4.39)

Here, the prime in R denote the partial derivative with respect to the argument £. Plugging

Egs. (4.16), (4.17), and (4.39) into (4.38) one finds:

R(€)
Re(€)

4 1 R
0.6+ 10h =~ — L0 (4.40)
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The 0+1d equation of motion for new aHydro case

The derivative of the energy density for the new case is given by

oee > { [4 AP AR(E) + AYRL(€) gf] 11— D(r, TO)]} +

T2

S [MRie 6 - AR Gs) + SARAO | Dl | ()

eq ch

One can obtain the equation of motion for new aHydro by plugging Eqs. (4.25), (4.26)

and (4.41) into (4.38):

1= D)) | MR()é + 4R ()4 + FOA (1 ) yRL(s))

T 3 R(&)

D(r,70) [R/(fFS)éFs - (i - %) R(&rs) + %RL(gFS) + ATR()

eq Teq

] =0, (4.42)

with A = A/A,.

Matching condition

The temperature T'(7) is determined by the Landau matching condition, which requires
that the energy density calculated from the distribution function f is equal to the energy
density obtained from the equilibrium distribution fe,. If the system is close to thermal
equilibrium, 7" can be considered the true temperature of the system, but in non-equilibrium
systems, 1" should be considered an effective temperature related to the non-equilibrium
energy density of the system. At any time, we define the local effective temperature T' of
the fluid using the canonical matching condition which results from the vanishing of the

right-hand-side of the first moment of the Boltzmann equation as following

T = R4 A (4.43)
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where R.g for both cases is

Rer = Re()AY (Old aHydro) (4.44)

Reg = D(7, 70)Re(Ers) + [1 — D(7, 70)]Re(€) A (New aHydro) (4.45)

Second moment

To close the system of equations, we use the zz projection of the second-moment of the
Boltzmann equation minus 1/3 of the sum of xz, yy, and zz projections.! Therefore, the
isotropic pressure contribution is effectively removed, leaving only the anisotropic pressure
term, and this procedure will give us the second moment equations. For the second moment
equation of motion, we will perform a similar manipulation by starting from the relaxation-

time approximation (RTA) Boltzmann equation

POuf ==l = Fl . (4.46)

We then encounter a rank three tensor which is defined as I"?*[f] = Ngo [ dP ptp*p* f,
where Ngo is the number of degrees of freedom. One obtains the following equation of

motion from the second moment of the RTA Boltzmann equation [196]

1
0, 1" = T_(uﬂfgq” —u, I (4.47)
eq

with J#A = T2 fo] = ot 75, Note that #* is symmetric with respect to interchanges
of i, v, and A and traceless in any pair of indices (massless particles/conformal invariance).
Defining I; = u* XY XZ-)‘I oy and Iy = wrulur wwx Where uf is the rest frame four-velocity

and X! with ¢ € {1,2,3} are space-like basis vectors that are orthogonal to u*,? in an

IFor example, for a rank-two tensor M** the zz projection corresponds to z,zyM"*.
2The three spacelike basis vectors can also be written as X} = z#, X} = y#, and X§ = 2#, for
compactness.
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isotropic system one finds I, = I, = I, = I, with

4]Vdof

A

Io(A)

Using the old aHydro form (Eq. (4.1) with D — 0) one finds

I, = I,=8r(§)h(A),

L = Su§(A),

However, using the new aHydro form Eq. (4.2) one finds

Iu = Su(ng) 10<A0)D(7', 7'0) + Su(g)[()(A)[l — D(T, 7'0)] s

[a: = ]y = ST(fps)Ig(Ao) D(T, 7'0) + ST(g)IO(A)[l — D(T, 7'0)] s

I, = Sp(&ps)lo(No) D(1,70) + SL(§)Io(A)[1 — D(7,7)],

with
342t
Su(§) ETaEE
1
Sr(§) = Ead
1
Sp(§) = eI

which satisfy 257 + Sp, = S, due to the conformality of the system.

The i = {x,y, 2z} equations result from

1
DI+ I;(0 — 20;) = —(leq — L),

Teq
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(4.49)

(4.50)

(4.51)
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with the co-moving derivative D = u*0,, the expansion scalar § = d,u* , and 0; = —u, D; XV,
where X! are space-like basis vectors that are orthogonal to u*. For the case of 0+1d Bjorken
expansion one has D = 0,, § = 9,u* = 1/7, 6, =60, = 0 and §, = —1/7. For more details

concerning the basis vectors used see appendix (E.1.2). Based on this, one has

3 1

8T]i + ;Il — a([eq - Iz) . (453)
with
. A3 A®
Orlyy = {Ag S7(&rs) ps — =2 Sr(éps) + T—ST(f)} D(7,7) +
(50" 0ASp(€) + A° Sp(€) €| 11— D(r, )] (4.54)
. A2 A
0-1, = lAg Sy (€rs) Ers — T—OSL(ﬁFS) + T—SL(Q} D(7,7) +
BAY O ASL(E) + A7 SO L - Dirm) (4.55)
New aHydro:

The first two equations (zz and yy projections) both give

) 1oSpe),  5A 1 Shler) (1_i>&@@
e et N o I ER TR e b ey
_ 1 ™o Sr(ées) [
 Tea [ AJAPSI(€) P TO)[\E)ST(g) [t =D, T””] ‘ (4.56)
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The third equation (zz projection) gives

B 3.8y, 5A 1 Sees) ; (5_ 1 ) Si(érs)
U o N ¥ It EVRD s Rl G B OroNTs
_ 1 ™o Sprs)
B G R T D(T’m)]]' -

Taking the zz projection minus one-third of the sum of the xzx, yy, and zz projections gives

) VITET®
[1—D(7‘,7‘0)] (mé—;) +%E =0, (458)

with 7' = T/Ao. We note that all of the free streaming contributions vanish. Solving for 3

using Eq. (4.58) we obtain

: (2_5V1+fff ! )_ (4.59)

=(1 -
{= (149 T Teq A5 1—D(7,7)
As mentioned previously, in the limit 7 — 75, one has D = 1 and hence the second term
on the right-hand-side of Eq. (4.59) will diverge at 7 = 79 unless either { = 0 or £ = —1.
The latter condition makes the entire right hand side vanish and hence does not allow for

dynamical evolution of . For this reason we will use lim,_,,, £(7) = 0.

Old aHydro (D = 0)
One can recompute the second-moment equation with D = 0 to see if it agrees with results

available in the literature. In this case on finds that the zz projection gives

. 1 5/4
(log Sp)'¢€ + 50, log A + g = — [R — 1] , (4.60)

7—eq SL
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and the zx and yy projections both give

(log Sp)'€ 4 50,log A + 1 [ (4.61)
T

where, in both cases, we used T = RY*4(£)A.
Finally, with D = 0, taking the zz projection minus one-third of the sum of the zz, yy,

and zz projections gives in the relaxation time approximation, the second evolution equation

. /
R % RO e, (4.62)

Teq

One can verify explicitly that Eq. (4.58) reduces to this in the limit D — 0.

4.3 Numerical solution of the dynamical equations and the anisotropic attractor

In this section we present some representative numerical solutions using different initial
conditions along with the attractor solution to which they flow. For this purpose, we solve
the first and second differential equations corresponding to Eq. (4.42) and (4.58) for the
evolution of (7) and A(7). However to evolve these equations we need to know the damping
function. Herein, we solve the integral equation by using an iterative method. In the first
iteration, we assume that the temperature evolution contained within the integral defining
D(7,7p) is given by ideal hydrodynamics, i.e. Thues(T) = To(70/7)Y3. We then solve the
dynamical equations (4.42) and (4.58). From this we obtain the approximate dependence
of the effective temperature T' on proper time using Eq. (4.43). The resulting effective
temperature 7'(7) is then used to load the damping function for the next iteration. We
repeat this process until the effective temperature and longitudinal pressure converge to a
part in 10%. In practice, this can be achieved with only five iterations. Once converged,

the solutions for £(7) and A(7) can be used to compute the full distribution function using
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Figure 1: Visualization of the one-particle distribution function at a given moment in proper
time. A bimodal structure can be seen, with the two contributions corresponding to a highly
squeezed free-streaming component (inner ellipsoid) and a less anisotropic equilibrating con-
tribution (outer ellipsoid).
Eq. (4.2) and all moments of the distribution function using Eq. (4.31).3

In Fig. 1 we present a contour plot of the one-particle distribution function at the proper
time at which the contribution from the free streaming part and equilibrating part contribute
equally.* Generically, the exact solution for the one-particle distribution function contains
two independent components [165,188-190]. The first component is an anisotropic part
which has been squeezed in the longitudinal direction and is exponentially damped at late
times. This contribution represents the subset particles that never had any interaction at
all. Statistically, there is always such a population of particles. As a function of time,

this contribution becomes compressed along the longitudinal direction in momentum space

resulting in PfS — 0 as the system evolves. This contribution comes from the first term in

30ne can substantially reduce the number of iterations required by initializing instead with the canonical
aHydro evolution equations.
4This occurs when D(7,7) = 1/2.
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Figure 2: Scaled moments M obtained from the exact solution (solid red line) compared
with the new aHydro (blue dashed lines), and the old aHydro (green long dashed lines).
Horizontal axis is w = 771'/57. Panels show a grid in n and [.
Eq. (4.2), which corresponds to the free streaming contribution. Note that, because of the
damping function D(7,7y) in the first term in Eq. (4.2), the amplitude of this very narrow
ridge will decrease in time exponentially. The second visible component in Fig. 1 is an
isotropizing part which dominates at late times. This contribution comes from the second
term in Eq. (4.2).

In Fig. 2, we present the evolution of the scaled moments of the distribution function as
a function the scaled time

T 7T

W= — = — 4.63
v Teq o7 ’ ( )

and we compare to the exact RTA solution (red solid line) obtained in Refs. [165,188,189].

103



Results from the new aHydro and old aHydro ansatze are shown as blue dashed and green
long dashed lines, respectively. In all cases shown, the new aHydro ansatz provides a better
approximation to the exact solution than the old aHydro ansatz. In addition, one observes
that both aHydro ansatze result in positive definite results for all moments despite having
large non-equilibrium deviations. Comparing the old and new ansatze, we see that the new
ansatz is able to reproduce the dynamics of low-order moments much better than the old
ansatz. This is particularly striking for moments with [ = 0 for which we see that the new
aHydro ansatz is very close to the exact results for all n shown.> We note, however, for
higher moments, e.g. HB?’, we see that the new aHydro ansatz interpolates between the
exact solution at early times and the old aHydro result at lates times. As a result, one sees
larger deviations from the exact solution in these moments.

In order to provide more quantitative comparison of the two methods, in Fig. 3 we
present the relative errors of the old and new aHydro ansatze computed as the ratio of a
given approximation to the the exact result minus one. The relative errors for the new and
old schemes are shown as blue solid and red dashed lines, respectively. As one can see from
Fig. 3, the new aHydro has a smaller error in all moments and at virtually all times. The
one exception is M for which one observes a slight smaller error with the old ansatze in a
small time window. Returning to the general case, we see that, since the new scheme merges
onto the old scheme at late times, they have similar relative errors, however at early time
we see a dramatic reduction in the relative error using the new aHydro ansatz.

In Fig. 4, the new aHydro (blue dashed lines), and the old aHydro (green long dashed
lines) attractors are compared to the attractor obtained via exact solution of the RTA Boltz-
mann equation(red solid line). In all cases shown, the new aHydro ansatz agrees best with
the exact solution for the 0+1d conformal RTA attractor. Additionally, for all values of w,

we note that both aHydro attractors possess positive values for all moments. In the case

5We have checked that this holds true for larger n than shown in Fig. 2.
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Figure 3: Plots of the relative error between the new (solid blue line) and old (red dashed
lines) aHydro ansatz compared to the exact solution. Error is computed as approxima-
tion/exact -1.

of the new aHydro ansatz, firstly one sees that for [ = 0 and | = 1 (first and second left
column, respectively of Fig. 4) this scheme has the best agreement at all times. As a result,
the new aHydro accurately describes the evolution of the modes with [ = 0, and 1, which
are sensitive to the free-streaming part of the evolution. For [ > 1 one sees that, as [ and
n are increased, the new aHydro results differ more from the exact solutions in the region
w ~ [107°,1]. The worst agreement is for the [ = 3 moments (rightmost column of Fig. 4).
One finds that the new aHydro ansatz fails to accurately describe the evolution of the scaled
moments with [ = 3 which are dominated by isotropizing contribution at late times. As a

consequence, the new aHydro does not provide reliable approximations for these moments

and the problem becomes more severe as one increases for [ > 1. Turning to the old aHydro
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Figure 4: Scaled moments M obtained from the exact solution attractor (solid red line)
compared with the new aHydro (blue dashed lines), and the old aHydro (green long dashed
lines). Horizontal axis is w=771"/57. Panels show a grid in n and .

ansatz, for [ = 1, one sees that, although the old aHydro ansatz does a reasonable job in
describing the [ = 1 moments, as n and [ are increased or decreased, the results become
significantly worse. Note that, even given the caveats mentioned above, comparing the old
and new aHydro ansatze, we see that the new approach dramatically improves agreement

with the exact RTA attractor and, in particular, can be used to fix the problem encountered

with moments with [ = 0.

106



4.4 Conclusions

In this chapter, our goal was to find an improved set of anisotropic hydrodynamic evolu-
tion equations that can more faithfully describe the non-equilibrium dynamics of the quark-
gluon plasma created in relativistic heavy ion collisions at RHIC and LHC. We introduced
a new version of anisotropic hydrodynamics that includes separate free-streaming and equi-
librating contributions which allows for a better description of exact solutions to the Boltz-
mann equation available in the literature. We computed explicit expressions for the first and
second moments of the one-particle distribution function in the new aHydro approach and
used these to obtain the new 0+1d conformal equations of motion given by Egs. (4.42) and
(4.58). We presented comparisons of the numerical solution of the conformal 0+1d equations
of motion for both the old and new aHydro schemes with the exact RTA solution. Our results
demonstrated that the new aHydro form allows one to have a bimodal distribution function
similar to what is seen in the exact RTA solution for the one-particle distribution function.
We then computed the evolution of the scaled moments as a function of the scaled time, w,
and demonstrated that the new aHydro ansatz provides a better approximation to the exact
solution than the original aHydro ansatz. Finally, we determined the non-equilibrium attrac-
tor associated with the new aHydro scheme and demonstrated that it provides much better
agreement with the exact RTA attractor than the original aHydro scheme, in particular for
moments with [ = 0. In the future, it would be interesting to apply the ansatz obtained
here to full 3+1d anisotropic hydrodynamics, including temperature-dependent masses for

the particles similar to ‘canonical’ quasiparticle aHydro [8,185].
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Chapter 5

Far-from-equilibrium attractors for massive kinetic theory in the relaxation

time approximation

5.1 Introduction

One of the most important questions that has emerged in the last twenty years in the
area of far-from-equilibrium relativistic dynamics is to what extent can such dynamics be
described by relativistic viscous hydrodynamics. In this context, the construction of a set
of exact solutions to the relativistic Boltzmann equation in relaxation time approximation
(RTA), despite its relative simplicity, has proven to be very useful in assessing the quanti-
tative reliability of different dissipative hydrodynamical frameworks [156,188-190,199,200].
In addition, these exact solutions have helped to understand the emergence of a far-from-
equilibrium attractor in relativistic transport theory that matches smoothly onto viscous
hydrodynamics at late times but which extends to earlier times when conventional linearized
viscous hydrodynamics treatments break down [146,148-151,153-155,157,158,162-165,167,
168,172,175,181,201-213].

Although the majority of these references focused on conformal systems, some of these
works have considered whether or not attractors exist in non-conformal systems since in
this case more than one dimensionful scale appears in the problem [154,156,208-210,214].
In this work we consider exact solutions of the RTA Boltzmann equation for a massive
gas using the exact solution obtained originally in Ref. [190]. We extend this solution to
allow computation of all moments, M™, of the one-particle distribution using the moments
introduced in Ref. [165]. We also extend prior works by making use of the self-consistently

determined temperature and mass dependent relaxation time, 7.q(7’,m), and considering
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fixed specific shear viscosity. In Refs. [154,156,208-210,214] either a constant relaxation time
or conformal relaxation time proportional to the inverse temperature was used. Finally, we
systematically study both the forward and pull-back (early-time) attractors by varying both
the initial anisotropy and initialization time and computing a large set of integral moments
of the distribution function.

We will demonstrate that kinetic theory with an RTA collisional kernel possesses both
forward and pull-back attractor for moments containing greater than one integral power of
the longitudinal momentum squared (I > 1). The existence of a forward attractor for such
moments is established by holding the initialization time and energy density fixed while vary-
ing the initial momentum-space anisotropy using a spheroidal form for the initial one-particle
distribution function. Secondly, we establish the existence of an early-time (pull-back) at-
tractor for such moments by holding the initial anisotropy and energy density fixed while
varying the initialization time. As we will demonstrate, this implies that there does not
exist an early time attractor for the pressure-scaled shear and bulk viscous corrections inde-
pendently, however, the difference of the two does possess an attractor, which is consistent
with there being an attractor in the scaled longitudinal pressure. Our findings are fully
compatible with and extend those reported in Refs. [208,214].

The structure of this chapter is as follows. In Sec. 5.2, we review basic thermodynamic
and dynamic relations for non-conformal massive gases and extend the exact solution of the
RTA Boltzmann equation obtained in Ref. [190] to all moments of the distribution function.
In Sec. 5.3 we collect analytic formula for the viscosity corrected distribution functions
and moments that are accurate to first order in hydrodynamic gradients using both the 14-
moment and Chapman-Enskog approximations. In Sec. 5.4, we present our numerical results
obtained from the exact solution of the RTA Boltzmann equation. In Sec. 5.6, we present

our conclusions and an outlook for the future.
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5.2 Setup

In this chapter we will make use of a previously obtained exact solution to the 04+1d RTA
Boltzmann equation for a massive gas with Boltzmann statistics. The non-conformal exact
solution was first presented in Ref. [190] and extended earlier conformal exact solutions in
a Bjorken expansion scenario [188,189]. We will extend the original work of Ref. [190] to
include a relaxation time that self-consistently depends on both the temperature and mass
of the particle, whereas the original work considered a constant relaxation time or the limit
of low temperatures. Our solution also goes beyond the considerations of the recent work of

Refs. [154,208,210] where a conformal relaxation time was used.

5.2.1 Basis vectors

Herein, we will assume Bjorken flow, where the medium expands longitudinally and has
a boost-invariant velocity profile. The values of the four-velocity components u* in Milne
coordinates for this flow are «” = 1 and u™¥%* = 0. When the system is boost invariant one
can identify the longitudinal boost by using the quantities 7 and ¢ which are the longitudinal
proper-time and spatial rapidity, respectively. Here, the longitudinal proper-time is defined
as T = /12 — 22, which is a measure of the elapsed proper time for a particle that is moving

with a constant velocity and longitudinal spatial rapidity as ¢ = tanh™'(z/t) with

t = tcoshg,

z = rsinhg. (5.1)
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To obtain the derivatives of Eq. (5.1) with respect to the variables t and z, as well as the

spatial rapidity ¢, we can take the following partial derivatives

or t
— = = h
ot 7 COsRS,
or z i
5% . = —sinhg,
@ B _Sinhg .z
or T N T2’
0O¢  coshg t
%= - = - (5.2)
Therefore,
0 or 0 os 0 t 0 z 0 0 sinh¢ 0
—=——— 4+ —— = —— — —— =cosh¢— — — )
ot  Otor * otds 101 T2¢ o g@T T (’kag’ (5.3)
and
0 or 0 ds 0 z 0 cosh¢ 0 . 0 t 0
_— = —— = — = —sinh¢— + ——. 4
0z 0z0T1 + 0z Og TOT * T 0Og St g@T + 72 0¢ (5-4)

Moreover, the basis vectors in the Lab Frame (LF) in the boost-invariant for a transversally

homogenous system, where the transverse flow is absent, is summarized as

t
Ut = (Coshg,O,O,sinhg):(—,O,O,E),
T T
X* = (0,cos¢,sing,0),
Y* = (0,—sing¢,cos¢,0),
t
Zr = (sinhe,0,0,cosh¢) = (2,0,0,2). (5.5)
T T

In the case of one-dimensional boost-invariant expansion (0+1d), all scalar quantities depend

only on the longitudinal proper time 7. To describe boost-invariant 0+1d dynamics, one can
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introduce a spacelike vector z*, which is orthogonal to the fluid four-velocity u* in all frames
and corresponds to the z-direction in the local rest frame of the matter [103,215]. The
requirement of boost invariance implies that the one-particle distribution function f(z,p)
may depend only on three variables, 7, w, and pr [216,217], with the boost-invariant variable

w obtained as the following !

Dz =—— = w=tp,—zL. (5.6)
T T
Using w and pr one can define
Tp-u:Et—pLz:\/w2+(m2+ﬁﬁ)72zv. (5.7)

Also, by using these variables, one can derive the longitudinal momentum p;, using equations
Eq. (5.6) and Eq. (5.7), which yields F = tpLT*w and £ = ”Jr%, respectively. Substituting
these equations, one can solve for p;, and write it in terms of w, v, ¢, and z. This yields

vz + wit
—

pL = (5.8)

T

Similarly, one can express the energy E in terms of w and v by substituting p; into the

equation E = ”’LT_“’. After some algebraic manipulation and substitution, this gives

7tv+wz

p="T (5.9)

T

In the next section, we will rewrite the RTA Boltzmann equation in relaxation time approx-

imation and the equilibrium distribution by using these boost-invariant variables.

In Eq. (5.6), z is the spatial coordinate, which is not to be confused with the basis vector z*.
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5.2.2 RTA Boltzmann equation

The relaxation time approximation (RTA) Boltzmann equation has been successfully
used to describe the dynamics of many physical systems, including the quark-gluon plasma
(QGP) produced in heavy-ion collisions, where the relaxation time can be related to the
transport coefficients of the medium. The numerical solution of the RTA Boltzmann equation
is a challenging task, and various techniques, such as the Monte Carlo methods and the
parton cascade model, have been developed to simulate its evolution in realistic systems.
In this chapter, all results presented herein follow from the RTA Boltzmann equation in

relaxation time approximation. We start from the general Boltzmann equation

Prouf(x,p) = Clf(z,p)], (5.10)

where f is the one-particle distribution function, p* = (E,pr,pr) is the particle four-

momentum. Here by using the boost-invariant variable the left-hand-side will be

0 0
12 — — N

and by applying the result for % Eq. (5.3) and % Eq. (5.4) with g—f = 0, we obtain:

PO, f = Ecoshqg —pL sinhg2 f= l(Et — pLz)gf = E(‘?Tf (5.11)
or or T or T

Now, the right-hand-side is the collision kernel C[f] that represents the effect of collisions
on the distribution function and in RTA includes the difference between the non-equilibrium
distribution function f and the equilibrium distribution function f.,, which is a function

of the local temperature T' and flow velocity u* or the four-velocity of the local rest frame
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(LRF).

U =22 (= ) = — (E§ —pf) (foa = 1) =

eq Teq T

v
(feq - f) ) (512)

TTeq

with p-u = p'u, = % = 2. Substituting the result of the left-hand-side and right-hand-

side in Eq. (5.10), we find

0f = (fa— 1) (5.13)

eq
The quantity 7., appearing above is the relaxation time, which will be precisely specified
below. For the equilibrium distribution, we will follow Ref. [190] and assume a Boltzmann

equilibrium distribution function

feq = exp <_P'_“> : (5.14)

One can rewrite Eq. (5.14) by using the boost-invariant variables introduced in the previous

section to get

feq = xp (—%) = exp <\/w2 *m+pr) TQ) : (5.15)

5.2.3 Thermodynamic variables

For a single-component massive gas obeying Boltzmann statistics, the equilibrium ther-

/n2 2
modynamic quantities are as follows where the general moment equations for f., = exp <— l;(j)m
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are presented in the Appendix E.2.1 for readers who are interested in understanding the de-

tails.

T3 .9 R
Neg = 93 K (),

TS
Sea = 5o [4K () + Ky () ]

T4
geq = 2—7]_2ﬁ12|:3K2(m)+mK1(m):|,

T4

Peq = nT:2—7T2 WKy () (5.16)

with 7 = m/T and K, being modified Bessel functions of the second kind. Above N, is the
number density, Seq is the entropy density, £ is the energy density, and P is the pressure.
These satisfy € + P = T's and, from the above relations, one can determine the speed of
sound squared, which has a direct connection to the QGP’s equation of state. It explains
how the pressure of the medium is affected by changes in energy density and how quickly
these changes spread across the medium. If the speed of sound squared is high, the medium
is rigid and modest pressure changes will not have a significant impact on its density. If it

is low, the medium is soft, and changes in pressure cause noticeable changes in density.

Cg_ﬁ_ e+ P
*de 3+ (B3+m2P’

(5.17)

5.2.4 Relaxation time for a massive gas

The relaxation time is a measure of how quickly a system returns to equilibrium after
being disturbed. In this section, the relaxation time of a gas with massive particles is dis-
cussed, and we show that the relaxation time depends on the particle mass and temperature

through a function ~(7), where 7 is the ratio of the particle mass to the temperature. For
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a massive system, the shear viscosity 7 can be expressed as [8,123,218]

B TeqP
15

k() (5.18)

with

3 3K3<I>
22 Ky(x)

k(z) =

and L, (x) being modified Struve functions.

5_|

0 5 10 15 20
m/T

Figure 1: The non-conformal relaxation time modification factor v Eq. (5.21) as a function
of m/T.

For fixed specific shear viscosity, 7 = 1/s, which is a measure of the efficiency of the QGP
in transporting momentum and serves as a gauge of the QGP’s resistance to deformation
under shear force. The QGP would act like a thick fluid if the particular shear viscosity was
too high, and the system would take a very long time to reach thermal equilibrium. Using
e+ P =Ts with Eq. (5.18) one obtains

on

Teq(T,m) = Tv(m) , (5.20)
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with

) = —> (1+%). (5.21)

k(1)
Note that, in the massless limit, m — 0, one has k(1) — 12, ¢ — 3P, and 7 — 1, giving the
usual conformal RTA relaxation time that is well understood and follows a simple formula

as following

Tea(T,0) = — . (5.22)

For small m, one has

SN me ~ 5
() =1+ 5 283 +0(m’), (5.23)
and in the large m limit, one has
m 7 1
n)=—+— — . .24
i) =2+ o ) (5.24)

In Fig. 1, we plot (7). As can be seen from this figure, (1) goes to unity in the massless
limit and grows linearly at large m/T', which shows that the relaxation time gets longer as
the particles get more massive. Consequently, the value of v(m) increases in proportion to
the value of m, which corresponds either to fixed temperature and large mass or fixed mass
and small temperature. The fact that (m) > 1 implies that a massive gas always relaxes
more slowly to equilibrium than a massless one in physical units, however, it is unclear a
priori how things will change as a function of the rescaled time 7 = 7/7,,. We note that
the strong enhancement of the relaxation time at low temperatures modifies the asymptotic

approach to equilibrium.

5.2.5 Exact solution for the distribution function and its solution
In this section, we discuss the exact solution to the RTA Boltzmann equation for the

distribution function of a fluid undergoing a 041D boost-invariant expansion. We will start
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by reviewing the derivation of this solution and then present the integral equation obeyed
by all moments of the distribution function. We will also generalize the results to the
full set of integral moments. These integral moments can be used to determine the bulk
properties of the expanding system, such as the energy density, pressure, and velocity fields.
The distribution function f(7,w,pr) and the initial distribution function fo(w,pr) can be
determined by solving the forthcoming integral equation Eq. (5.26). The moment equations
provide a test of the numerical solution of the Boltzmann equation, since they can be used
to calculate the time evolution of the bulk properties of the system.

We will assume that the initial distribution function fy can be expressed in spheroidally-

deformed form [192, 193]

fo(wapT) = exp|— \/(p ’ 'UJ>2/;|- 50(]7 . 2)2
L 0
SR B WT)T&] | (5.25)

where & is the initial anisotropy parameter and Ay is the initial transverse momentum scale.
The reason why the initial distribution function is called spheroidally-deformed is because
it describes an ellipsoidal shape of the momentum distribution in the local rest frame of
the fluid. The distribution of momentum is not spherical; instead, it is anisotropic, and
the axis of the ellipsoid is in the same direction as the flow (the fluid velocity). To change
the deformation of the momentum distribution, one uses the anisotropy parameter &, that
measures how much the momentum distribution is stretched or flattened, and it determines
the initial shape of the momentum distribution function. Varying this parameter can change
the initial deformation of the momentum distribution function, which in turn affects the
behavior of the QGP during its evolution. We consider a slight generalization of this initial

condition in Sec. (5.5).
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For —1 < & < 0, this corresponds to an initially prolate distribution in the local rest
frame and, conversely, for £ > 0 this corresponds to an initially oblate distribution function.
For & = 0, one obtains an isotropic Boltzmann distribution function as the initial condition.
Moreover, the initial distribution function is chosen in its spheroidally-deformed version
because it is a straightforward and adaptable model that can be used to explain a wide
range of various initial conditions. Particularly, it can be used to analyze how the initial
anisotropies affect how the fluid changes over time as well as the function of different physical
factors, such as viscosity in the relaxation of the anisotropy. By adjusting the value of
the anisotropy parameter, you can study the change from an anisotropic to an isotropic
distribution and see how the final state depends on the conditions at the beginning.

The exact solution to Eq. (5.13) is given by [188-190,219-222]

ﬂmmWZDhmmwwﬂ+/7m_Dﬁ#ﬂ&ﬂwm% (5.26)

T0 TeOl(T/>

where fo(w, pr) is the initial distribution function specified at 7 = 75 and the damping

function D is defined as

D(rs,7) = exp {—/ dr’ } (5.27)

Teq(T")
Note that taking the derivative Eq. (5.26), one can find the same result as Eq. (5.13) as

function of 7, w, and pr

D7, 7") foa(7' w0, pr) +— D(0,0) foa(")

= ——D(7,70) fo(w,pr) — — Teq(T') Teq

or Teq Teq

[\

Of (1, w, pr) 1 1 /T dr’

af(7_7w7pT) _ feq — f

or Teq

(5.28)
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5.2.6 The integral equation obeyed by all moments

We will work with the following moments of the one-particle distribution function [165,

168]

MM f] = /dP (p-u)" (p-2)* f(r,w,pr). (5.29)

with [ dP is the Lorentz-invariant momentum integration measure. To write [ dP by using

w, v, and pr variables, we need to take the derivative for Eq. (5.7) and Eq. (5.8)

dv 1, 9 ooy gn_1 w w w
— =c 2(2w) = =— = dv=—d
i 2" ) TG Vw2 + (m?+p)r? v TR
and
d E
2dpy, = tdw + 2dv = tdw + —dw = (tv + zw) = = dpr, = —dw,
v — v
Er?
applying this result in
d4p dpL
dP = ——2m6 (p* —m?) 20(p°) = d?
(27-‘-)4 T (p m ) (p ) (27T)3p0 pr,
we obtain
dw d2pT
dpP = 2 (5.30)

where p® = E. In principle, powers of p2 could also appear in a general moment, however,
such moments can be expressed as a linear combination of the two-index moment appearing
above using p? = m? to write p% = (p-u)?— (p-2)? — m?. Some specific cases of M™ map to
familiar quantities, e.g., n = 1 and [ = 0 maps to the number density n = M, n =2 and
[ = 0 maps to the energy density, and n = 0 and [ = 1 maps to the longitudinal pressure,

Pp. The transverse pressure, Pr, can be obtained by using p2 = (p-u)? — (p - 2)? — m?
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to obtain Pr = M?Y — M — m2 M, For a Boltzmann equilibrium distribution function,

these moments reduce to 2

2Tn+2l+2 00 . "2 (n—1)/2 e
Meg(T,m) = M™|[foq] = W—21+1)/0 dp pH <1+ p2) e" VPR (5.31)

We note that by changing variables to x = \/m it is possible to perform this inte-
gral analytically in terms of generalized hypergeometric functions, however, the resulting
expression is not straightforward to evaluate for integer-valued n and [. For this reason, it
is typically easier to simply evaluate it numerically.

In what follows, we will present results for these general moments scaled by their equi-

librium values, i.e.,

-—nl Mnl

= 32
M M (5.32)

which gives a measure of how far the system is from equilibrium. In the late-time limit
(the limit of non-interacting particles 7 — 00), if the system approaches equilibrium, then
M"l — 1. In the general case, using the boost-invariant variables introduced earlier, one
finds that the general moments can be expressed as

MU[f] = / T () () s

(2m)3v \1 T
1

= W/dw d*pr o™t f(r,w, pr) . (5.33)

Taking a general moment of Eq. (5.26) one obtains

D(r,7") M (7).

eq

M) = Dlr, ) M () + [ L

o Tea(T')

2For more details see the appendix (E.2).
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Evaluating the integrals necessary results in

Mnl _ D(T? TO)A8+21+2 gnl ( 70 ’ ﬁ)
(277')2 TN 1 + 50 AQ
/

1 Todr - (T m
D /Tn+21+2 /H'nl o 4
+<2w>2/m G P T ) 020

Teq(T')

where

oy, 2) = / du 2 gl (y 2 (5.35)
0

u

with

H”l(y,I> — (536)

I+ - — 4o Y
20 + 1 LA R

2y21+1(1+£€2)”;1 ( 1 ]_—nl 3 1_y2>
2471 )
and o F] being a hypergeometric function. Finally, specializing to the case n =2 and [ = 0

and requiring conservation of energy (1) = e¢q(7'), also known as Landau matching, we

obtain the following integral equation

2T (1) in? {3[(2 (%) + i, (%)}
= D(r, TO)Ang(T;—\/:_&J, Aﬁo) + / % D(r, T')T‘*(T')FPO(;, %) . (5.37)

This is the integral equation obtained originally in Ref. [190] with the understanding that
H? = #, defined therein. The integral equation for the temperature of the system at a
particular time 7'(7) can not be solved analytically. Therefore, an iterative method is used
to numerically approximate the solution. The iterative method involves starting with an
initial guess for T'(7), plugging it into the right hand side of the integral equation, and using
the resulting solution as the next guess. This process is repeated until the solution converges
to a desired level of accuracy. After that the solution can be used in Eq. (5.34) to compute

all moments.
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5.2.7 Viscous corrections expressed in terms of moments
For comparisons to come, here we collect expressions for the viscous corrections written
in terms of the moments computed herein. We start by noting that the equilibrium pressure

can be expressed as

(M2 —m* M%) . (5.38)

Wl =

1
P= 3 [Py f =

Next, we note that the bulk viscous correction can be expressed as

1
= —38 [ dPPY (F  fu)
1 1
e a®] L s
= o (MO - MY (5.30)

where we have used A* = g" — u#u” and in going from the second the third lines we have
used Landau matching, which implies that M?* = MZ. To characterize the size of the bulk
viscous correction relative to the equilibrium pressure, one can scale it by the equilibrium
pressure to obtain a dimensionless measure of the bulk viscous pressure, II. The resulting

quantity is
T m? (M — M)

M= _
P MO — MO

(5.40)

From this we see that II is proportional to the difference of the n = 0 and I = 0 moment from
its equilibrium value. We note that for the behavior of these quantities under time evolution,
if M does not possess an attractor, meaning that its time evolution is sensitive to the initial
conditions, then this would imply that II does not possess an attractor. This implies that
the behavior (the time evolution) of the bulk viscous pressure would be highly dependent

on the specific conditions at the start of the evolution, and may not exhibit a well-defined
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long-term behavior. Next, to compute the shear correction, it is most straightforward to
start from

M =P, =P —7+11, (5.41)

which results in

=1- M +1I. (5.42)

=R
Il

ol =

or one can be expressed the shear stress tensor 7 as

o = A [P (1 = o). 5.4

where ALY = J(ARAG + AJAY) — SAM™ A4 is a traceless symmetric projection operator
orthogonal to u*. We note that this implies that, if there exists an attractor for M°, but
not for II, then 7 will also not possess an attractor.?> This means that the long-term behavior
of the system might be sensitive to the initial conditions, and does not approach a unique

attractor state.

5.3 Evaluation of the moments to first order in hydrodynamic gradients

In the context of hydrodynamics, the Grad’s 14-moment approximation [223] and the
Chapman-Enskog method [224] are two commonly used methods to determine the form of
the distribution function close to local thermodynamic equilibrium. Both methods involve
expanding f(z,p) around an equilibrium distribution function fy(x,p). The relativistic ver-
sion of Grad’s 14-moment approximation is a method to describe the behavior of a
fluid near equilibrium in a relativistic setting. The approximation assumes that the fluid is
not in exact thermal equilibrium but is slightly out of equilibrium due to small deviations

from the equilibrium state. To account for these small deviations, the approximation uses a

3This point was originally emphasized in refs. [208,214].
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Taylor-like series expansion in momenta truncated at quadratic order. This means that the
deviation from equilibrium is expressed as a sum of terms that are quadratic in the fluid’s
momenta, with coefficients that depend on the dissipative fluxes of the fluid. The question
of whether this series expansion is convergent is a valid one, as a power series without a
small expansion parameter may not necessarily converge. However, the justification for us-
ing such an ansatz lies in the assumption that the deviations from equilibrium are small, so
the higher-order terms in the series expansion are negligible. Additionally, the assumption
that the coefficients in the expansion are linear in the dissipative fluxes is based on the idea
that these fluxes are proportional to the deviation from equilibrium. This assumption is
motivated by the fact that in many physical systems, dissipative effects are proportional to
the deviation from equilibrium, so a linear relationship between the dissipative fluxes and
the deviation from equilibrium is reasonable.

However, the Chapman-Enskog method is a perturbative approach to solving the
Boltzmann transport equation, which describes the behavior of a dilute gas in terms of
the evolution of its distribution function. The method involves expanding the distribution
function as a power series in the Knudsen number, which is a dimensionless parameter that
characterizes the ratio of the mean free path of the gas molecules to a typical macroscopic
length scale of the system. The expansion is equivalent to making a gradient expansion
about the local equilibrium distribution function. The expansion involves assuming that the
distribution function can be written as a sum of terms that are each multiplied by a power of
the Knudsen number. The first term in this expansion corresponds to the local equilibrium
distribution function, while the higher-order terms correspond to deviations from equilibrium
due to the presence of gradients in the fluid variables.

The main differences between the relativistic version of Grad’s 14-moment approximation

and the Chapman-Enskog method are:
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e Expansion parameter: The 14-moment approximation expands the distribution func-
tion in terms of moments of the Boltzmann equation, while the Chapman-Enskog
method expands the distribution function in a power series in the Knudsen number.
The moments in the 14-moment approximation are not necessarily small, whereas the

Knudsen number is assumed to be small in the Chapman-Enskog method.

e Order of expansion: The 14-moment approximation expands the distribution function
up to 14th order in moments, while the Chapman-Enskog method expands the distribu-
tion function up to a desired order in the Knudsen number. The order of the expansion
in the 14-moment approximation is fixed, while in the Chapman-Enskog method, the

order of the expansion can be chosen based on the desired level of accuracy.

In this section we will present expressions for the shear and bulk viscosity corrected dis-
tribution functions and resulting integral moments obtained using both the 14-moment [81,
225,226] and Chapman-Enskog [96,224] approximations. In both cases, one can decompose

the linearly-corrected one-particle distribution function as

f = feq + 5fshear + 5fbu1k . (544)

Therefore, to understand the relationship between kinetic theory out of equilibrium and
viscous hydrodynamics, one can consider small departures from equilibrium. In this case,
the distribution function can be expressed as a sum of an equilibrium part and a small
correction term, denoted by ¢ f represents the deviation of the distribution function from
equilibrium.

) = f (T ) 1 80,2 (5.49)

The equilibrium part is a function of the momentum p* and the four-velocity u*, given

by feq (’%), where T is the temperature, and the out-of-equilibrium correction to the
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distribution function § f(p*, ") < 1. In the next two subsections we specify the 14-moment
and Chapman-Enskog forms for § fohear and 0 fuux and evaluate the moments of each in order

to obtain the corresponding approximations at first order in gradients.

5.3.1 14-moment approximation
In the 14-moment approximation, the viscous corrections to the distribution function for

a single component massive gas obeying classical statistics can be written as [227-230]

p,upuﬂ'lw
— A4
(sthear feq2(€+P)T2> (5 6)
g m? 1 2
o = [ () s
Joulk quH 3p-u 3 Cs )P U (5.47)
with 8 = 1/T and
5
b= 3815 — (e + P)cl. (5.48)
The thermodynamic integral I g) can be expressed as [96]
a TP [ 1 . . . .
1) = 20 | 6 (K m) = TEa(m) + 22K, () ) — K (i) (5.49)
3072 |16
with
Kial) = [0 exp(incosh) (550
i(m) = exp(—m coshf). .
! o coshf P

For 0+1d boost-invariant Bjorken expansion as considered in this chapter, one can write the
shear tensor in terms of one independent component 7 = —7**, with the other two diagonal
components determined by symmetry and the tracelessness of 7+, giving 7 = 7% = 1 /2.
Note that in this case, all dynamical variables only depend on the longitudinal proper time

T.
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Navier-Stokes shear-viscous correction

For the case of 0+1d boost-invariant Bjorken expansion one has

0 fshear = feq% : (5.51)
Puby™ = Pl + pypy Y + pp.m = pﬁg + pig —pim = g(pi -+, —2p2),
using
E? = p} +py +p2+m®,
then
pi+p, =B —pl—m®,
therefore,

L, 7r T
pupum™ = (B =p =m® = 2p7) = (B = 3p; —m’) = Z(p-w)’ = 3(p- 2)" = m"].

[\]

This gives

ml(p-u)* =3(p-2)* —m?]
4e(1 4 L)1 ’

m((p-u)® = 3(p- 2)* — m’]
4(e + P)T?

5fshear = feq = feq

™

s T o0 =302 - m’] fu. (5.52)

6fshear,14fmoment =

14-moment

honr one obtains

where T = 7/e. Computing the moments of §

Mo ﬁ

_ n+2,0 n,l+1 2 n,l
shear,14—moment — 4(1—{——97—? [Meq - 3Meq —-—m Meq] . (553)
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The Navier-Stokes shear-viscous correction term in the equation for the energy-momentum

tensor is given by

™ = not

with

2
o = 2V — SNV

Using

1
Vi) = S(Vi 4 V),

one obtains

9:V7u7:1

)
T

1 2
w9 = fo v v _ iz
s 2277(Vu—|—Vu) 3TnA ,

1 2 2
T _ 9 T, T T, T\ AT — — Yy
T 277(V u® + V¥u®) 3.1 3=

with A™ = A% = —1, and V*u* = V*u”. From the tracelessness, one has we find that
T+ a4 =0,

then
As a result

Therefore, at first order in the gradient expansion, which corresponds to the Navier-

Stokes (NS) limit, one has

4
w5 (r) = il

=5 (5.54)
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Using 7 = /s, and € + P = T's, one obtains

dn  4ns  4n(e + P)
NS = —= = —
() 37 37 37T ’

which, when written in terms of 7 = 7 /7., becomes

NS _ 4i(e + P)
3T Teq L’ ’

or

47 P
7N = (1+=).

377D €

Toq P

Using n = “-r(m),  =n/s, and e + P =T's

4n P 4 P\ TP 4 P

—NS eq ~ ~

NS — 1+—)=— ([1+ = | == =— (1+-)-P .
3T Teq1's < € ) 37 Teq(P +€) ( € ) 15 w(h) 457 (P + 5)( € )-Pr(m)

Using () = %5 (1 + £) one finds

k(M)

4 P 3 € 12 P 1 €
— NS
- (1+)p 21+ )= (145,
i 45T(P+e)( +e) y(m)( +P> 157 ¢ 'y(fn)( +P>

Therefore,

e L (1 + B) , (5.55)

~ 15y(m)7 e
applying this result into Eq. (5.53), the general moment for the 14-moment approximation

in shear-viscous correction in the Navier-Stokes limit is

shear,14—moment = 157 T2 ,y(m)

[MEFP = 3 M — mP M (5.56)
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Navier-Stokes bulk-viscous correction

Taking the moments of Eq. (5.47), one obtains

Mrblfllk,lélfmoment = _£ [m2MreL(;17l - (1 - 3C§) MZJLZ} II. (557)
I
To proceed, one can use the fact that II = — 7oy Sy J,u* [96]. At first order, for boost-

invariant Bjorken flow, since 0,u* = 1/7, this reduces to

™ = —py /7, (5.58)
giving
nl,NS 1 24 qn—1,0 2 n+1,0
Mbulk,14—moment = 37T [m Meq - (1 - 3Cs) Meq ] . (559)

Total Navier-Stokes viscous correction
Finally, by adding the shear and bulk corrections to the equilibrium result and scaling
by the equilibrium moments, we obtain the following expression for the scaled moments in

the Navier-Stokes limit within the 14-moment approximation

1

2 4 nl,NS
9 — 1 _—
M T T |

14—moment

n-+2,l n,l+1 2 n,l
MR 3 M 2 M

1 [mP MM — (1= 3¢2) M
37T Myt

. (5.60)

5.3.2 Chapman-Enskog approximation
Navier-Stokes shear-viscous correction

In the Chapman-Enskog approximation one has the following shear viscous correction [96]

Bfeq

2u-p)B, PP 6!

5fshear,CE -
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Using

v
pups = S (p- u)> = 3(p-z)> —m?,

and
4
A= —— 1+ L ;
15v(m)T €

one obtains

(p-u)? —3(p-2)> —m?] = 4%[@ ) = 3(p-2)° = m? feq.

Bfeq T

6fshear,CE = 1 &5
2(u-p)B 1y 2

In the Navier-Stokes limit Eq. (5.54) one obtains,

4 P
0 fshear,CE = 1+—) cu)® = 3(p- 2)? — m?| foq s
Jshear,CE 157(7%)?'4[%) ( - [(p-u) (p-2) | feq
giving
<€+P) -1 2 2 -1
5sear N2 ‘u) —3(p-u cZ)T—m U eq
fenear,cE 5y ()7 [D [(p-u)=3(p-u)"(p-2) (p-u)" ] feq

where 5, = 51 g). Following a similar procedure as was used for the 14-moment approxima-
tion, ones find that, in the Navier-Stokes limit, the moments of the shear viscous correction

become
nl,NS e+ P

shear = T _ M:“’l - 3M2_17l+1 — m2M:_1’l > (562)
heanCE 5 F () 1) M a Q]

with 72 given in Eq. (5.49) and (1) given in Eq. (5.21).

Navier-Stokes bulk-viscous correction

The bulk viscous correction in the Chapman-Enskog approximation can be written as [96]

Bfeq

30 p)Bn [m* — (1 —3¢) (u-p)*] 11, (5.63)

0 foulk,cE = —
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which is precisely the same form as the 14-moment approximation and hence the moments

reduce to Eq. (5.59).

Total Navier-Stokes viscous correction
Adding the shear and bulk corrections to the equilibrium result and scaling by the
equilibrium moments, we obtain the following expression for the scaled moments in the

Navier-Stokes limit within the Chapman-Enskog approximation

NS e+ P [MIFLEZ 3ArLE+L 2 pgrLl]
CE - — a1 n,l
157 (1) Iy Meq
n—1,0 _ n+1,l
L] [m2 Mt — (1 — 3c) Mzt (5.64)
37T /\/{Z(il ' '
5.4 Results

The integral equation (5.37) can be solved iteratively for 7'(7) and, once converged to
the desired accuracy, this solution can be used in Eq. (5.34) to compute all moments. For
the iterative solution, we discretized T'(7) on a logarithmic grid in time with 4096 points. We
consider two cases: (a) holding the initial energy density, €q, and initialization time, 7, fixed,
while varying the initial momentum anisotropy, &; and (b) holding the initial energy density,
€0, and the initial momentum anisotropy, &, fixed, while varying the initialization time, 7.
These two scenarios allow us to assess whether or not forward and early-time (or pull-back)
attractors exist, respectively. In both cases, we hold the specific shear viscosity 7 = n/s
fixed during the entire evolution. In both cases, the initial energy density used corresponds
to a massive gas at a temperature of Ty = 1 GeV and the final evolution time was held
fixed at 74 = 100 fm/c. Additionally, in both cases we iterated the integral equation for 200
iterations, which allowed for convergence of the result to 8 digits at all proper times. For
case (a), we used 79 = 0.1 fm/c and, for case (b), we used & = 0. We consider three constant

masses of m = 0.2 GeV, m = 1 GeV, and m = 5 GeV. We note that we have explicitly
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checked that the small mass limit our results converge to the conformal limit presented in
Ref. [165]. The RTA-MASSIVE-CUDA code used to generate all results can be obtained using

Ref. [231].
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Figure 2: Scaled moments M ™ as a function of rescaled time for the case m = 0.2 GeV. The
non-solid lines are specific initial conditions initialized at 7o = 0.1 fm/c with 7T = 1 GeV and
ap = 1/v/1+& € {0.12,0.25,0.5,1,2}. The solid black lines correspond to the attractor
solution, the solid red lines are the first-order 14-moment predictions in Eq. (5.60), and the
solid green lines are the first-order Chapman-Enskog predictions in Eq. (5.64).

5.4.1 General moments

In Fig. 2 we present our first results for the scaled moments as a function of rescaled time
T = T/Teq, Which correspond to varying the initial anisotropy while holding the initialization
time and initial temperature fixed using a constant mass of m = 0.2 GeV. The relaxation
time used depends on both the mass and temperature as detailed in Eq. (5.20). The non-

solid lines are specific initial conditions initialized at 7y = 0.1 fm/c with Ty = 1 GeV and
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Figure 3: Scaled moments M™ as a function of rescaled time for the case m = 0.2 GeV.
The non-solid lines are specific initial conditions initialized with Ty = 1 GeV and & = 0 at
7o € {0.01,0.02,0.04} fm/c. Line styles are the same as in Fig. 2.

ap = 1//1+& € {0.12,0.25,0.5,1,2}. The solid black lines correspond to the attractor
solution, the solid red lines are the first-order 14-moment predictions in Eq. (5.60), and the
solid green lines are the first-order Chapman-Enskog predictions in Eq. (5.64). To obtain the
two first-order curves, we evaluated Egs. (5.60) and (5.64) using the temperature evolution
obtained from the exact solution. The attractor lines (black solid line) were obtained by
initializing the system at 75 = 0.01 fm/c with a high-degree of momentum anisotropy of
ap = 1/4/1+ & = 0.1, corresponding to & = 99. We note that in this figure and similar
panel figures that follow, the fact that the scaled moment M % is equal to one at all times
is due to energy conservation and any deviations from one allow us to gauge the suitability

of the discretization used and the convergence of the iterative solution.
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Figure 4: Scaled moments M ™ as a function of rescaled time for the case m = 1 GeV. Initial
conditions and line styles are the same as in Fig. 2.

As can be seen from Fig. 2, all moments collapse towards the first-order viscous hy-
drodynamics predictions at late times, with lower-order moments typically converging more
quickly than higher-order moments. For the case of moments with [ = 0, the two first-order
schemes Chapman-Enskog and 14-moment coincide identically. For moments with [ > 1,
we find that, for m = 0.2 GeV, the first-order Chapman-Enskog approximation form for
the one-particle distribution function performs better than the 14-moment approximation,
particularly for high-order moments. That said, it is important to emphasize that both
fail at early times, with the time scale for breakdown of each scheme becoming larger for
higher-order moments. As demonstrated in Ref. [165], this continues to be the case if one
includes second-order viscous corrections, with only resummed dissipative schemes such as

anisotropic hydrodynamics [97,98,109,185,232,233] being able to more reliably describe the
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Figure 5: Scaled moments M ™ as a function of rescaled time for the case m = 1 GeV. Initial
conditions and line styles are the same as in Fig. 3.

early-time features of all scaled moments (see in particular the improved schemes introduced
in Refs. [214,232]).

Considering earlier times, in Fig. 2 we see that for all moments with [ > 1 there are
indications of a non-equilibrium attractor that extends to very early times. For the moments
with [ = 0, however, we observe that, although the solutions tend towards the attractor, the
approach appears to be slower and there doesn’t seem to be a complete collapse of the
solutions as seen for [ > 1. Finally, we note that for higher-order moments, we see a very
rapid collapse to their respective attractors, indicating that the high-momentum region of
the one-particle distribution function quickly approaches a universal form. This is very

similar to what occurred in the conformal case [165,232]. In those works it was noted
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Figure 6: Scaled moments M ™ as a function of rescaled time for the case m = 5 GeV. Initial
conditions and line styles are the same as in Fig. 2.

that the reason for the slow hydrodynamization of the [ = 0 moments was due to a two-
component form of the exact one-particle distribution function, which includes free-streaming
and thermalizing components, with the former being highly squeezed along the p, axis but
eventually decreasing in amplitude to a point that it becomes negligible.

In order to better understand whether an early-time attractor exists in this case, in Fig. 3
we present the case of holding the initial anisotropy and temperature fixed while varying the
initialization time for, again, m = 0.2 GeV. In this figure, the non-solid lines are specific
initial conditions initialized with T, = 1 GeV and & = 0 at 7y € {0.01,0.02,0.04} fm/c.
The other line styles are the same as in Fig. 2. As can be see from figure, there clearly
exists an early-time attractor for all moments with [ > 1. In the moments with [ = 0 we

see a slower approach to the attractor solution, however, the three specific solutions shown
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Figure 7: Scaled moments M ™ as a function of rescaled time for the case m = 5 GeV. Initial
conditions and line styles are the same as in Fig. 3.

approach a semi-universal result at fairly early times in the evolution. For moments with
[ > 1 we observe that the rate of approach of all specific solutions to the attractor are the
same, being associated with the free-streaming period of the evolution.

Turning next to Figs. 4 and 5, we present the result of varying the initial anisotropy
and initialization times in the case that m = 1 GeV. As before, the initial temperature is
held fixed at T = 1 GeV meaning that, in this case, the temperature is always less than
or equal to the mass at all times. From these figures, we see again that there exists both
a forward attractor and a pull-back attractor for moments with [ > 1 and that moments
with [ = 0 have a slower approach to their respective attractors. Despite this, the results
are still semi-universal after a short time. With respect to the first-order hydrodynamical

forms, we once again see that for higher-order moments, the Chapman-Enskog form provides
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T/Teq- The top row shows the result of varying the initial anisotropy and the bottom row
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tions shown in Figs. 2 - 7. Columns from left to right show the cases of m = 0.2, 1, and
5 GeV, respectively. The non-solid curves are specific runs and the solid curve shows the
first-order Navier-Stokes prediction given in Eq. (5.54).

a more quantitatively reliable asymptotic result than the 14-moment approximation for the
higher-order moments, however, both first-order results break down at early times as was
seen previously.

Finally, in Figs. 6 and 7 we present the result of varying the initial anisotropy and
initialization times in the case that m = 5 GeV. Once again, the initial temperature is held
fixed at Ty = 1 GeV. For this case the temperature is always small compared to the mass
scale. From these figures, we see again that there exists both a forward attractor and a
pull-back attractor for [ > 1. Similar to the other cases, we find that moments with [ = 0
do not seem to possess early-time attractors and, based on Fig. 7, we see that not even a
partial collapse of the different initialization times occurs until around 7/7., ~ 3. However,
we still see a rapid collapse to an attractor for all moments with [ > 1. In particular, we

call attention to the panel showing M, which is equal to the ratio of the longitudinal

pressure, Pr,, divided by the equilibrium longitudinal pressure, Py = P. A similar collapse
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Figure 9: Scaled bulk viscous correction II/P from Eq. (5.40) as a function of rescaled time
T/Teq- The rows and columns are the same as in Fig. 8. The non-solid curves are specific
runs and the solid curve shows the first-order Navier-Stokes prediction given in Eq. (5.58).
of Pr/P was reported in Refs. [208,214], where a conformal relaxation time was employed
and a smaller mass of m = 0.2 GeV was considered. Here we have considered even larger

masses of 1 and 5 GeV and reached the same conclusion, namely that there is an attractor

for Py /P and we have extended this conclusion to include all moments with [ > 1.

5.4.2 Bulk and shear viscous corrections

We now turn to extractions of the shear and bulk viscous corrections from the general
moments using Eqs. (5.42) and (5.40), respectively. In Fig. 8, we present the scaled shear
viscous correction 7/ P as a function of rescaled time 7/7.,. The top row shows the result of
varying the initial anisotropy and the bottom row shows the result of varying the initialization
time. These correspond to the same initializations shown in Figs. 2 - 7. Columns from left to
right show the cases of m = 0.2, 1, and 5 GeV, respectively. The non-solid curves are specific
runs and the solid curve shows the first-order Navier-Stokes prediction given in Eq. (5.54).
As these figures demonstrate, as the mass is increased, there no longer exists an early time

collapse of the solutions to a unique attractor curve and the solutions only fully collapse
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Figure 10: Scaled shear and bulk viscous corrections from Egs. (5.42) and (5.40), respectively,
as a function of rescaled time 7/7.,. The black solid lines are the scaled shear correction.
and the red dashed lines are the scaled bulk correction. The rows and columns are the same
as in Fig. 8.

once one enters the region describable by first-order viscous hydrodynamics.

We turn next to Fig. 9 where we present the scaled bulk viscous correction I/ P Eq. (5.40)
as a function of rescaled time 7/7.,. The rows and columns are the same as in Fig. 8. The
non-solid curves are specific runs and the solid curve shows the first-order Navier-Stokes
prediction given in Eq. (5.58). As can be seen from the top row of this figure, only for the
smallest mass shown of 0.2 GeV do we see a semi-universal result at early times in the top
row and, for the largest mass of 5 GeV, we only see signs of a collapse to a semi-universal
curve just prior to the onset of the applicability of first-order hydrodynamics. The bottom
row of this figure shows that if one reduces the initialization time while holding the initial
temperature fixed, there is no early-time attractor and, on top of that, even the late time
Navier-Stokes result is not unique. This should be contrasted with Fig. 8 where one sees

that the late-time Navier-Stokes results for the non-conformal shear collapse to a single line.

Interestingly, as can be seen from the bottom row of Fig. 9, as the mass is increased, the
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late-time Navier-Stokes curves begin to collapse to a unique curve, however, there is no
indication of a unique early-time attractor.

In order to put the results for the scaled shear and scaled bulk corrections in a more easily
comparable form, in Fig. 10 we present both in the same panels so that the magnitude of the
non-universal behavior can be visualized. In this figure, the black solid lines are the scaled
shear correction. and the red dashed lines are the scaled bulk correction. The rows and
columns are the same as in Fig. 8. As the bottom right panel, in particular, demonstrates,
there is a non-trivial cancellation between the shear and the bulk corrections even when the
magnitude of the bulk correction is relatively large.

Finally, as was observed in Refs. [208,214], a cancellation of the non-universal features
of the scaled shear and bulk corrections occurs, resulting in a universal attractor for the
scaled longitudinal pressure, P,/P = M which can be clearly see in Figs. 2 - 7. Such a
cancellation occurs in all moments with [ > 1 as these figures demonstrate implying that
the high-momentum part of the distribution quickly approaches a universal form. This
observation is once again in accordance with the finding of Refs. [208, 214], where they

presented plots of the scaled-time evolution of the full one-particle distribution function.

5.5 Generalized initial condition

Starting from the general quantum statistical distribution function

1
exp (57) + 17

f=

in the limit of low densities and high temperatures exp (%) > 1, the distribution reduces
to the Maxwell-Boltzmann distribution. This is because at high temperatures, the thermal
energy of the particles is much greater than the energy spacing between the quantum states,

and the particles behave like classical particles. One can expand the exponential term in the
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denominator using the Taylor series expansion for small values of x = ==, so we can write:

1=t - o e ()
>~ ————— =exp |—————| =Yexp|—= |,
ep () UL T TR
which is the Maxwell-Boltzmann distribution where v, = exp (%) We present results ob-

tained using the generalized spheroidal initial condition introduced in Ref. [214]

fo(w,pr) = —exp g (5.65)

Y0

1 [_\/(p-U)Q+§o(p-2)2]

where vy allows us to independently vary the initial shear and bulk corrections. Since there
are now three independent parameters to vary, we consider here varying all of them simulta-
neously, while holding the initial energy density fixed to that of an isotropic equilibrium gas
with m =1 GeV and Ty = 1 GeV. In Figs. 11 and 12 we present the evolution of the scaled
moments and viscous corrections resulting from such a scan. As these figures demonstrate,
as with the spheroidal initial conditions used in the main body of the text, there does not
seem to be a pull-back attractor for moments with [ = 0 nor the viscous corrections 7 and

I1, while both forward and pull-back attractors are still evident for all moments with [ # 0.

5.6 Conclusions

In this paper we have confirmed and extended prior works that studied whether or not
attractors exist in non-conformal kinetic theory. We did this by making use of an exact
solution of the boost-invariant Boltzmann equation in relaxation time approximation. This
exact solution is expressed in terms of an integral equation that can be solved numerically
by the method of iteration and we derived an integral expression for general moments that
allowed us to obtain their time evolution after having solved for the time evolution of the

system’s temperature. Associated with this paper we have released the code used for our
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Figure 11: Scaled moments M™ as a function of rescaled time for the case m = 1 GeV
obtained using the generalized spheroidal initial condition specified in Eq. (5.65) and varying
all parameters appearing therein, &, 7o, and 7.
studies as a publicly available package [231]. Using this method, we studied the time evo-
lution of a large set of integral moments of the one-particle distribution function, varying
both the initial momentum-space anisotropy and initialization time, while holding the initial
energy density fixed. We considered three different values of the mass and our main results
are presented in Figs. 2 - 7. From the time evolution of the general moments, we were able
to compute the exact time evolution of both the shear and bulk viscous corrections to the
one-particle distribution function and we presented these in Figs. 8 - 10, where we compared
them to their corresponding expressions at leading-order in the gradient expansion.

Our conclusions from this study are consistent with those found by the authors of
Refs. [208,214], namely that there exists both late- and early-time attractors for the scaled

longitudinal pressure P;, /P, while these do not exist separately for the shear and bulk viscous
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Figure 12: Scaled shear viscous correction 7/ P (left), bulk viscous correction II/P (middle),
and both combined (right) as a function of rescaled time 7/7., for m = 1 GeV and varying
all parameters appearing in Eq. (5.65), &y, 70, and 79, while holding the initial energy density
fixed to that of an isotropic equilibrium gas with T, = 1 GeV.
corrections. In terms of the moments, this is manifested in the fact that moments with [ = 0
for the n values considered herein (n < 3), do not seem to possess an early-time attractor.
In order to assess the approach to the late-time hydrodynamic attractor, we derived expres-
sions for the viscosity-corrected one-particle distribution function to leading order in the
gradient expansion (Navier-Stokes limit) within both the 14-moment and Chapman-Enskog
approximations. We found that, for small masses, the first-order Chapman-Enskog form was
quantitatively more reliable at late times than the 14-moment approximation, particularly
for higher-order moments; however, for larger masses, the two approximations resulted in
quantitatively similar results when compared to the exact solutions. Finally, in order to
connect to standard viscous hydrodynamics corrections, we extracted the time evolution of
both the shear and bulk viscous corrections from the exact solution. One new observation
on this front is contained in Fig. 9, where it can be seen that the bulk viscous correction at
first-order in gradients does not collapse in the late-time, Navier-Stokes, limit.

As to the practical implications of our results we note that, in the conformal case
Ref. [158] demonstrated that even the | = 0 moments possessed a universal forward attrac-
tor and that this implied that there was an attractor for the full one-particle distribution

function. In the non-conformal case, the authors of Ref. [214] presented results for the full
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one-particle distribution function, finding that apart from slower convergence to the attrac-
tor at very low longitudinal momentum, it exhibited attractor behavior as well. Although
their study was restricted to a conformal relaxation time, our work indicates that the same
conclusion would be reached with a non-conformal relaxation time.

Finally, as to the implications for heavy-ion phenomenology, it has been shown that in
the conformal case the existence of a longitudinal pressure attractor can be used, e.g. to
constrain the initial energy density of the QGP [234] and electromagnetic emissions [235].
Since the arguments therein only rely on their being a longitudinal pressure attractor, it
seems that they would go through unchanged. Our results, at worst, indicate that may be
some additional uncertainty associated with such treatments if, in the future, they were to
rely on attractors existing also in the case [ = 0. Because of this, the overarching idea to use
attractors in this manner would still be sound. This is due to the fact that, when considering
the forward attractor with phenomenologically relevant initialization times, e.g. 0.1 fm/c,
we still see a universal collapse to the forward attractor for all moments with [ # 0 and a
semi-universal collapse for the moments with [ = 0 (see e.g. Figs. 2). This semi-universality
would introduce a small degree of uncertainty in the conclusions compared to the conformal
case, but would not make this a useless exercise.

Looking to the future, it would be very interesting to see if the conclusions contained
herein can be extended to the case of a quasiparticle Boltzmann gas with temperature-
dependent masses. Such a picture underpins quasiparticle anisotropic hydrodynamics and
allows it to make use of a realistic non-conformal equation of state [8,9,11,13,186]. It will
also be interesting to see if these findings are modified if one includes the effect of dynamical
2+1D and 3+1D expansion [154] and thermal noise [236]. We leave these considerations to

future works.
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Chapter 6

Resummed Relativistic Dissipative Hydrodynamics

6.1 Introduction

Experiments at the Relativistic Heavy Ion Collider (RHIC) at Brookhaven National
Laboratory and the Large Hadron Collider (LHC) at CERN are probing the nature of hot
and dense matter by colliding heavy-ions at ultrarelativistic center of mass energies of up to
5 TeV per nucleon [141,237]. The goal of these experiments is to generate conditions similar
to those present in the early universe and during mergers of compact astrophysical objects
such as neutron stars [238]. These conditions correspond to high temperature (7" 2 150
MeV) and net baryon density (p = 2 — 3 psat), respectively. In both cases it is expected
that nuclear matter undergoes a phase transition from a state in which quarks and gluons
are confined inside hadrons to a deconfined state, called the quark-gluon plasma (QGP), in
which quarks and gluons are not bound inside of hadrons. At finite temperatures and zero
net baryon density it is possible to make use of lattice quantum chromodynamics (LQCD) to
determine the temperature at which the deconfinement transition occurs and the nature of
the transition. For realistic quark masses, continuum extrapolated lattice QCD calculations
find that the transition is a smooth crossover with a pseudocritical temperature 7}, >~ 155
MeV [239,240]. Due to the fermionic sign problem it is not possible to perform calculations at
finite baryochemical potential pg, however, it is possible to make use of Taylor expansions
around pup = 0 or analytic continuations of imaginary chemical potential calculations to
determine quantities of interest such as various quark susceptibilities and the curvature of
the QCD phase transition line itself [133,241-250]. These measurements provide constraints

on the equation of state of QCD which can then be used in dynamical simulations of QGP
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evolution.

For modeling the spatiotemporal dynamics of the QGP created in ultrarelativistic heavy-
ion collisions, one of the main tools used is relativistic viscous hydrodynamics [142, 251,
252]. Early studies using relativistic hydrodynamics used the ideal limit [64, 65, 143] in
which all dissipative transport coefficients, such as the shear viscosity were assumed to be
zero, however, this was known to be an idealization because one expects, both on quantum
uncertainty and causality bounds, that the ratio of the shear viscosity to entropy density ratio
should have a lower bound. In order to incorporate such dissipative transport coefficients
in the dynamics it was necessary to develop a causal version of viscous hydrodynamics
called second-order viscous hydrodynamics [66-72,88,89,91-96]. Application of second-order
viscous hydrodynamics to QGP phenomenology quickly followed, with practitioners able to
extract estimates of the shear viscosity to entropy density ratio that were consistent with
the generation of a strongly-coupled QQGP. Progress since then has included the development
of consistent second-order truncations of the relativistic dissipative hydrodynamics from
relativistic kinetic theory [88,89] and recently formulations of casual first-order formulations
which make use of different hydrodynamic frames [253, 254].

One of the major issues faced by second-order formulations of dissipative relativistic
hydrodynamics is that, at very early times after the nuclear pass through, the system is
quite far from equilibrium, with the largest non-equilibrium deviations reflected in the fact
that, in the local rest frame (LRF), the system possesses a much smaller pressure along
the beam-line direction (longitudinal direction) than transverse to it, i.e. P, < Pp. This
LRF pressure anisotropy emerges due to the rapid longitudinal expansion of the QGP and
has been shown to exist in both the weak- and strong-coupling limits, with the anisotropy
becoming more pronounced as the coupling is decreased. The implication of this is that

the viscous corrections, in particular the shear correction, are large at early times, calling
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into doubt the reliability of fixed-order truncations in the magnitude of the inverse Reynolds
number [255].

Another issue faced by fixed order truncations of viscous hydrodynamics is that, due
to the assumed polynomial from of the corrections to the one-particle distribution function,
there is the possibility that the viscous-corrected one-particle distribution function can be-
come negative, which violates the positivity of probabilities. In order to address both of
these issues, in anisotropic hydrodynamics (aHydro) one makes use of a form for the one-
particle distribution function that is, by construction, non-negative while also having kinetic
pressures which are non-negative. The original papers on aHydro focused on application to
systems undergoing boost-invariant conformal Bjorken expansion [97,98]. In Ref. [97] it was
demonstrated that one could obtain both the ideal hydrodynamics and free-streaming limits
in the aHydro framework and numerical solutions to the resulting coupled evolution equa-
tions demonstrated that both the one-particle distribution function and the kinetic pressures
remained positive at all times. Since then many works have extended these initial studies to
include more realistic features associated with heavy-ion collisions, ultimately allowing prac-
titioners to simulate the full three-dimensional non-conformal evolution of the QGP with a
lattice-based equation of state [8,13,102-104,108,109,112,162,186,197,198,215,230,256—264].

In this chapter we will summarize the progress made in recent years including phe-
nomenological applications. We will begin with a demonstration that the aHydro dynamical
equations resum an infinite series of terms when expanded as a power series in the in-
verse Reynolds number. We will then present a review of the underpinnings of the 3+1D
quasiparticle aHydro (aHydroQP) framework, which goes beyond traditional approaches by
resumming viscous contributions to all orders in the shear and bulk inverse Reynolds num-
bers. In this second part, we will focus on recent phenomenological applications of 3+1D

aHydroQP to AA collisions at RHIC and LHC energies.
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The structure of this chapter is as follows. In Sec. 6.2 we discuss the case of con-
formal Bjorken expansion in order to demonstrate how anisotropic hydrodynamics resums
contributions to all orders in the inverse shear Reynolds number. In Sec. 6.3, we intro-
duce quasiparticle anisotropic hydrodynamics. In Sec. 6.4, we outline the construction of
the QCD equation in aHydroQP. In Sec. 6.5, evolution and freezeout are discussed in the
3+1D aHydroQP model. In Sec. 6.6, phenomenological comparisons to experimental data
are presented at various collision energies. Sec. 6.7 contains our conclusions and a summary

of ongoing projects.

6.2 Resummed dissipative hydrodynamics in the conformal Bjorken limit
Before presenting the full 34+-1D formalism for non-conformal QCD plasmas, it is instruc-

tive to consider the 041D conformal limit in which the system undergoes Bjorken expansion.

As mentioned in chapter (4), the conformal Bjorken limit describes the expansion of a system

with conformal symmetry in 041 dimensions. The distribution function in this limit [192]

ﬂ%mzﬁa(igfﬁ@), (6.1)

A

depends on a single anisotropy parameter ¢ and a non-equilibrium momentum scale A. The
evolution equations for £ and A can be derived from energy-momentum conservation and the

second moment of the Boltzmann equation. The evolution equation for £ is given by [97]

R'() Aoyt 11
ﬁﬁ5@§+X&A‘T[a1+@R@> : 1} (62

which involves the derivative of the function R(§) = 3 [ﬁ + m%/g} and the proper time
derivative of A, and this equation describes the evolution of the scale A with respect to proper

time. The second evolution equation that is following the Florkowski-Tinti prescription [109]
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which relates the proper time derivative of £ to 7, R(§), and the relaxation time 7.,. There-
fore, this equation accounts for dissipative effects in the system. These non-linear evolution
equations can be solved numerically, and they capture the transition between the ideal hy-

drodynamic limit and the free streaming limit.

6.2.1 Relation to second-order viscous hydrodynamics in the small anisotropy
limit
In order to make a connection to standard second-order viscous hydrodynamics, one can
rewrite
Oe(T) _ _€(m) + Pr(7) (6.4)

or T ’

and (6.3) in terms of the single shear stress tensor component m = 7°. required for conformal

Bjorken flow. Start with the energy conservation equation (6.4) and multiply both sides of
the equation by 7 then divide both sides of the equation by e. This manipulation allows us to
transform the equation into a logarithmic derivative form, where the time derivative of the
logarithm of energy density, 0; log e, appears. Substitute 7 = P,q — Pr,, where 7 is the shear
stress tensor component required for conformal Bjorken flow, then simplifying further by
using the relation e = 3F,,, which holds for conformal hydrodynamics. After that, we obtain
the equation that serves as a connection to standard second-order viscous hydrodynamics
by relating the time evolution of the logarithm of energy density to the shear stress tensor
component 7 as following

4
70 loge = —= + T (6.5)
3 €

To relate m and & one can start with this definition 7 = P, — P, and divide by € on both

sides. Then by using these relations € = 3P, € = R()€eq, and P, = R (£)Peq to simplify
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and one obtains 7, which is the ratio of shear stress to energy density.

7€) = g - % [1 - 7%((5))] (6.6)
with
3 [E+DR(E -1
RL(§) = : [ fr 1 : (6.7)

For conformal Bjorken flow, 7 is related to the shear inverse Reynolds number® via

Rfl

™

v
VT _ 3\/§|ﬁ|. (6.8)
eq

where the factor of 3\/§ arises due to the specific scaling properties of conformal hydro-

-1
T )

dynamics. The shear inverse Reynolds number, R_*, shows how important the effects of
dissipation (shown by the shear stress tensor) are compared to the equilibrium pressure in
the QGP. Therefore, the number of R_! is used to describe the size of the shear stress and
measure how far from ideal hydrodynamics the situation is. A small value of R_! means
that the fluid is almost perfect and has weak dissipative effects, while a large value means
that the fluid is far from perfect and has strong dissipative effects. As a consequence of
Eq. (6.8), it is true that an expansion in 7 would match an expansion in R'. Since R !
is proportional to |7|, every series expansion in 7T may be represented as a series expansion
in B! by substituting R;'/ (3\/§) for 7. The ability to convert findings or computations

expressed in terms of T to their equivalent form in terms of R, ' and vice versa is made

possible by this relationship.

'The Reynolds number is a dimensionless variable used in fluid dynamics to describe a fluid’s flow char-
acteristics and it measures the dissipative strength of the system
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Changing variables to 7 in Eq. (6.3) and using Eq. (6.5), one obtains [158]

€ €T

3 €

O | 7 (4 w) B {2(1 +8) ’H(E)] () =0, (6.9)

T Teq

where £ = £(7) is the inverse function from 7 to &, 7 = d/d¢, and H(E) = E(14+£)32R/4(€).
When expressed in this form one sees that the aHydro second-moment equation resums an
infinite series in the inverse Reynolds number Eq. (6.8). This is because the last term on the
2

right hand side of Eq. (6.9) is a function that contains all orders in £ and, hence, 7.

Using small-anisotropy expansions one obtains [158]

8 26_ 1061
= _ - 2r= =2 —3
TS BT T PO
8 5 38 —3
= _ - Y= Yr=2
(1+&)7 = o0 10" +0O11"),
45 405
15
HT = T+ %72—1—(9(73). (6.10)

Plugging these expansions into Eq. (6.9) and keeping terms through second order in 7 gives

4n 387 367, w2 T 15 7?
O = =4 O(r).
3TrT + 217 245n 1 Te D0 Tr€ +0(™)

When truncated at linear order 7, this evolution equation agrees exactly with previously
obtained second-order viscous hydrodynamics evolution equations in relaxation time approx-
imation [81,88,91,92,266]. This demonstrates that, in the limit of small momentum-space
anistropy, aHydro automatically reproduces the correct second-order viscous hydrodynamics
equations. Note that it is possible to obtain higher-order terms such as those contributing

at the order of the inverse Reynolds number squared as well, where these terms capture

2A similar construction can be made in the case of Gubser flow, see Sec. IIIC of Ref. [265].
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dissipative effects beyond the linear regime and account for a wider range of deviations from
ideal hydrodynamics. When applied to phenomenology, one does not expand Eqs. (6.3) or
(6.9) in 7. However, when solving the aHydro dynamical equations, an infinite number
of orders in the inverse Reynolds number are automatically included. This is why aHydro
represents a resummed dissipative hydrodynamic theory. In practice, aHydro automatically
regulates the magnitude of 7 such that unphysical behaviour of the kinetic pressures, e.g.,
P, < 0, simply cannot occur. In other words, in traditional dissipative hydrodynamics, one
approximates the behavior of a fluid system by expanding the equations of motion in terms
of small parameters that represent deviations from equilibrium. However, this approach
has limitations when the deviations from equilibrium are large. aHydro takes a different
approach. Instead of relying on a perturbative expansion and truncating the equations at
a certain order, aHydro solves the equations without explicit truncation. This means that
it includes an infinite number of terms in the equations, which allows for a more accurate
description of the system’s dynamics. By including an infinite number of terms, aHydro
effectively “resums” the contributions related to dissipative effects. This resummation takes
into account higher-order effects and provides a more comprehensive understanding of the

system’s behavior, especially in cases where the deviations from equilibrium are significant.

6.3 Quasiparticle anisotropic hydrodynamics

In order to faithfully model heavy-ion collisions one must obtain the evolution equations
for arbitrary 341D configurations and include the non-conformality of QCD consistent with
a realistic lattice-based equation of state. In order to do this in quasiparticle anisotropic
hydrodynamics we assume a system of massive relativistic quasiparticles with temperature-
dependent masses m(7T'). The system is assumed to obey a relativistic Boltzmann equation
with m(7T") determined from lattice QCD (LQCD) computations of QCD thermodynamics. In

quasiparticle anisotropic hydrodynamics (aHydroQP), the Boltzmann equation is modified
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to take into account the temperature dependence of the mass of the quasiparticles. This
is because the mass is no longer a constant, but varies with temperature which affects
the behavior of the system. As a result, when the masses are temperature dependent,
the Boltzmann equation contains an additional force term on the left-hand side related to
gradients in the temperature, and hence gradients in m,

1 . .
POuf + 50m00 f = = slf = falT)] (6.11)

clf)

J/

Here, in the additional force term 0; denotes a derivative with respect to spatial coordi-
nates, 8&) = —J/0p" denotes a derivative with respect to momentum coordinates, m is the
mass of the quasiparticle, and f is the one-particle distribution function. Also, we note that
this term %@-mzﬁgp) f matches exactly the result obtained by deriving the Boltzmann equa-
tion using quantum field theoretical methods [133]. The right-hand side of the Boltzmann
equation is the collisional kernel C[f], which we take to be given by the relaxation time ap-
proximation (RTA), where u* is the four-velocity associated with the local rest frame (LRF)
of the matter and Latin indices such as ¢ indicate spatial indices. The collisional kernel is
a functional of the one-particle distribution function f(z,p) which depends on space-time
coordinates x and momentum p. Moreover, this term represents the rate of change of the
one-particle distribution function due to collisions. This rate of change is given by the dif-
ference between the actual distribution function f and the equilibrium distribution function
feq, multiplied by an inverse relaxation time 7.4. The relaxation time is a measure of how fast
the system approaches equilibrium, and it depends on the specific properties of the system,
such as the temperature and the density. For a gas of massive quasiparticles, the relaxation

time is given by [185]
e+ P

oql) =1 ——.
TQ( ) T] [372<meq)

(6.12)

156



Here, 7 = n/s is the specfic shear viscosity that quantifies the resistance of the system to
shear flow, where 7 is the shear viscosity and s is the entropy density, € is the energy density;,
P is the pressure which is fixed by the equation of state, and the special functions appearing

are given by

. NaotT? i, [ 1 X . . X

I3,2(meq) = 30—71_2(1 [E (Kk’)(meq) - 7K3(meq) + 22K, (meq)> — Kix (meq>:| ) (6-13)
N m A o A A o A

Ki(e) = 5|1 = MeqKo(eq)s1(1eq) = tteq 1 (1eq) 0(1eq) | (6.14)

with eq = m/T, Nao is being the number of degrees of freedom (degeneracy), K, are
the modified Bessel functions of the second kind, and s,, are the modified Struve functions.
The effective temperature T'(7) is computed by requiring the non-equilibrium kinetic energy
densities calculated from f to be equal to the equilibrium kinetic energy density calculated
from the equilibrium distribution, fe(7,m). One should notice that in a hydrodynamic
model, it is usually assumed the temperature of the system is in equilibrium throughout its
evolution. But in real life, the temperature can change because of non-equilibrium effects
like the system’s dissipation and expansion. In quasiparticle anisotropic hydrodynamics, the
temperature is not thought to be in equilibrium. Instead, the temperature is allowed to
change based on how the quasiparticles in the system interact with each other. Also, as
the temperature changes, so does the mass of the quasiparticles. By taking into account
both how the mass changes with temperature and how the system is not in equilibrium, a
self-consistent solution for the temperature can be found that accurately describes how the
system changes over time.

In this chapter, we assume the distribution function is given by the leading-order aHydro
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form, parameterized by a diagonal anisotropy tensor as follows

2
fz,p) = feq(ix/pﬁ“”pu> = fea G, > % + m2) : (6.15)

where i € {x,y, 2z}, =" is the anisotropy tensor and the second equality holds in the local
rest frame (LRF), which is a local Lorentz frame where the fluid is at rest. Here, the one-
particle distribution function f is the local rest frame in momentum space. We start with
the general form of f given by Equation (6.15). This equation states that f is a function
of the square root of a symmetric tensor =Z*”(¢,x) multiplied by the momentum vector
divided by a momentum scale A(f,x). We then assume that the tensor =Z*” is diagonal in
the local rest frame. As indicated, in the LRF the argument of the distribution function
can be expressed in terms of three independent momentum-anisotropy parameters «;. Here
we will assume that fe, is given by a Boltzmann distribution which depends on p - v and
the isotropic temperature T. Therefore, one can calculate the energy density and pressures
by integrating the distribution function Eq. (6.15) times p#p” using the Lorentz-invariant

integration measure [dP = [ (62[3’7‘)’3%.

Performing the same operation allows one to extract
all moments, and then one can create the requisite dynamical equations.

The first aHydroQP equation of motion is obtained from the first moment of the left-
hand side of the quasiparticle Boltzmann equation (6.11), which reduces to 9,7*". In the
relaxation time approximation, however, the first moment of the collisional kernel on the
right hand side results in a constraint that must be satisfied in order to conserve energy and
momentum, i.e. [ dP p*C[f] = 0. This constraint can be enforced by expressing the effective
temperature in terms of the microscopic parameters A\ and @. As a consequence, computing
the first moment of the Boltzmann equation gives the energy-momentum conservation law

for the system

8,T" =0, (6.16)
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Figure 1: (a) The temperature dependence of the quasiparticle mass scaled by the temper-
ature [8]. (b) Atypical spatial profile of the anisotropy parameter a, as a function of x at
7 =1.25fm/c [9].

where

v d3p 1 v v
T :/(27r)3E Fp” f + Bgh . (6.17)

Here, B(T) represents the additional background contribution. For the second equation of

motion, we will perform a similar procedure using the second moment of the quasiparticle

Boltzmann equation

ep 1,
2P EY

aa[oa/)\ _ J(Va/\)mZ _ _/ C[f] , (618)

with 704 = f (Zlfr‘)’g £p'p”p* f and the particle four-current J* = [ (ger))B Lpif .
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6.4 The equation of state for aHydroQP
For a system of massive particles obeying Boltzmann statistics, the equilibrium energy

density, pressure, and entropy density are given by

e (T,m) = 47TNT4m§q[3K2 (11t0q) + Tit6q K1 (meq)], (6.19)
Peo(T,m) = AxrNT*mZ K> (feq) (6.20)
seq(Tym) = 4WNT3qu[4K2 (1h1eq) + Teq K1 (meq)]. (6.21)

In the quasiparticle approach, one assumes the mass to be temperature dependent, i.e. m(T).
This results in a change in the bulk variables Eqs. (6.21). However, one can not simply insert
m(T) into the bulk variables since this will not be thermodynamically consistent. In the
case of an equilibrium Boltzmann gas, the number and entropy densities remain unchanged.
Therefore, the discrepancy arises because the entropy density can be obtained using two
different approaches: seq = (€eq + Peq)/T and Seq = 0P.q/0T. Then, by basically inserting
a temperature-dependent mass m(7T), the two identities will not give the same result. To
address this inconsistency, an additional background contribution is introduced to the energy-
momentum tensor. This background field corrects the thermodynamic inconsistency arising
from the temperature dependence of the mass. The energy-momentum tensor is then defined
as

T =TH .+ ¢ B(T). (6.22)

kinetic

By introducing the background field, thermodynamic consistency is restored, and the
modified energy-momentum tensor accounts for the effects of the temperature-dependent
mass. This background field plays a crucial role in ensuring the correct behavior of the system
and maintaining the thermodynamic relationships between the energy density, pressure,

and entropy density. Thus, in an equilibrium Boltzmann gas with quasiparticles, the bulk
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thermodynamic variables for the gas become

Eeq(zﬁa m) = €kinetic T Beq 5 (623)
Peq(Ty m) = Pkinetic - Beq ) (624)
Seq(T7 m) = Skinetic - (625>

As a result of introducing the background field, the energy density and the pressure are
modified by +B.q and —B,q terms, respectively.
One can determine the value of the background contribution B, by imposing a thermo-

dynamic identity. Specifically, by requiring the thermodynamic identity given by

0Py

TSeq = €eq+ Peq =T o7

(6.26)

However, we need to know in advance m(7T) to determine B(T'). The quasi mass m(T') can

be determined using the following thermodynamic identity
€eq + Peq = T'Seq = ATNT* 13 K5 (11eq) - (6.27)

As we can see, one can solve numerically for m(7) once the equilibrium energy density and
pressure are determined using the lattice QCD parameterization. The resulting effective mass
scaled by T extracted from continuum extrapolated Wuppertal-Budapest lattice data [267]
is shown in Fig. 1 (left panel) [8]. At high temperatures (T" ~ 0.6 GeV) the scaled mass is

~ T in agreement with the expected high-temperature behavior of QCD [268].
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6.5 Evolution and freezeout in aHydroQP

The evolution equations for u*, A, and «a; are obtained from moments of the quasiparticle
Boltzmann equation. These can be expressed compactly by introducing a timelike vector
u# which is normalized as uu, = 1 and three spacelike vectors X! which are individually
normalized as XX, ;, = —1. These vectors are mutually orthogonal and obey u,X! = 0

and X, ;X j“ = 0 for ¢ # j [103,215]. The four equations resulting from the first moment are

Dye+ ey, + > Pu,D; Xt = 0, (6.28)
J
DiP; + Pf; — eX, Dy + P, X, ;D; Xt =3 " PX,;D; X! = 0, (6.29)
J

where i, j € {z,y, 2}, D, = u"0,, and D; = X}'0,.. The expansion scalars are ¢, = d,u" and
9, = 0,X!. Explicit expressions for the basis vectors, derivative operators and expansion
scalars can be found in the appendix E.1.1 and Refs. [8,13,112,230]. The quantities ¢ and P;
are the kinetic energy density and pressures obtained using the anisotropic hydrodynamics
ansatz for the one-particle distributions function corrected by the background contribution

B(T) necessary to enforce thermodynamic consistency

€ = €Exinetic(A, @, m) + B\ A), (6.30)
Pz' = Pi,kinetic<)\a 627 m) - B(/\7 O_Z) ) (631>
The three equations resulting from the second moment of the Boltzmann equation are

|
Dul; + (0, + 2u,DiX") = — [qu(T, m) — 1, (6.32)

eq
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with [112]

I, = aa?ly(\m),

Loy, m) = 4rNNmKs(m), (6.33)

where m = m/\, a = ayoya, and N = Nyot/(27)3, with Ngof being the number of degrees
of freedom present in the theory under consideration.

Equations (6.28), (6.29), and (6.32) provide seven partial differential equations for , &,
and A which we solve numerically. To determine the local effective temperature we make use
of Landau matching; requiring the equilibrium and non-equilibrium energy densities in the
LRF to be equal and solving for 7. Herein, we assume the system to initially be isotropic in
momentum space «;(79) = 1, with zero transverse flow. However, the system evolves quite
fast away from isotropy Taniso S 1 fm. As an example, in Fig. 1-right panel we show the
spatial profile of the longitudinal anisotropy parameter at 40-50% centrality class where this
parameter characterizes the degree of anisotropy in the longitudinal direction of the evolving
system. As can be seen from this figure, a, differs from unity (with unity indicating isotropy)
especially in the dilute regions |z| > 5 fm. In these dilute regions, the system is less dense
compared to other regions. We note here that no regulation is required in aHydroQP to evolve
in these dilute regions. This suggests that the framework can manage the system evolution
in these low-density areas without the need for further modifications or special interventions.
This system of partial differential equations are evolved until the effective temperature in
the entire simulation volume falls below a given freeze-out temperature of Txo. From the
results, we extract a three-dimensional freeze-out hypersurface with a fixed energy density
(temperature). We assume in this step all hadronic species in a given cell on the freeze-out
hypersurface share the same fluid anisotropy tensor and scale parameter. We also assume

that all hadrons created are in chemical equilibrium. This means that it is assumed that the
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particle abundances at freeze-out follow the equilibrium distribution for the given temper-
ature and chemical potentials. This assumption simplifies the calculations by allowing the
use of aHydro-modified equilibrium distribution functions for the hadrons. To convert the
hydrodynamic quantities (velocity, anisotropy, and scale) into explicit ‘primordial’ hadronic
distribution functions on the freeze-out hypersurface, an extended Cooper-Frye prescription
is used. The Cooper-Frye prescription is a standard method to convert hydrodynamic quan-
tities into particle distributions at freeze-out. The extended version takes into account the
non-equilibrium effects and anisotropy of the fluid. By applying the extended Cooper-Frye
prescription [185], the hydrodynamic information (such as velocity, anisotropy, and scale)
is used to calculate the distribution functions of the produced hadrons on the freeze-out
hypersurface. These distribution functions provide information about the momentum dis-
tributions and other properties of the hadrons at freeze-out, which can be compared with
experimental measurements to study the dynamics of the system.

The values of the aHydroQP parameters on the freezeout hypersurface are passed to a
modified version of THERMINATOR 2 [269], which generates hadronic configurations using
Monte-Carlo sampling. After sampling the primordial hadrons, further hadronic decays are
taken into account using the built-in routines in THERMINATOR 2. The source code for
aHydroQP and our custom version of THERMINATOR 2 are both freely accessible [270].
The aHydroQP formalism was used at different collision energies, and it was found that the
observed differential spectra of identified hadrons, charged particle multiplicity, elliptic flow,
and Hanbury-Brown-Twiss radii could be reproduced. Finally, in Table 1 we list the fitting

parameters that we extracted and used in the comparisons.

collision energy | Ty [MeV] | n/s
200 GeV 455 0.179
2.76 TeV 600 0.159
5.02 TeV 630 0.159

Table 1: The key parameters used in the presented results.
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Figure 2: Left: Pion, kaon, and proton spectra compared to experimental data by the
PHENIX collaboration at 200 GeV for Au-Au collisions [10, 11]. Right: Pion, kaon, and
proton average transverse momentum as a function of centrality compared to data by the
ALICE collaboration at 2.76 TeV for Pb-Pb collisions [12,13]
6.6 Results and Discussion

In this section we present phenomenological comparisons of 3+1D aHydroQP model
to experimental data. For the sake of brevity, we present comparisons of a small set of
observables performed at various collision energies /syy = 200 GeV, 2.76, and 5.02 TeV for
Au-Au and Pb-Pb collisions from the PHENIX, PHOBOS, STAR, and ALICE collaborations.
We first present comparisons of bulk observables between our model and experimental results.
In Fig. 2-left panel, we show the spectra of pions, kaons, and protons as a function of the
transverse momentum py. The agreement shown between our model and the experimental
results is good up to quite large pr ~ 2 GeV. In this figure, we show only one centrality class
0-5%, however one can see Ref. [11] for more comparisons up to 30-40% centrality class. It
suffices here to say that the agreement is quite good up to pr ~ 1.5 GeV for high centrality
classes. Next, we present the centrality dependence of the average transverse momentum of
pions, kaons, and protons at 2.76 TeV for Pb-Pb collisions. Again, the agreement is very

good up to high centrality classes ~ 50%. The spectra at this energy is not presented here,
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Figure 3: left: The kaon-to-pion ratio as a function of the transverse momentum. Right: The
centrality dependence of the kaon-to-pion ratio. In both panels, the predictions of aHydroQP
model are compared to experimental data from the ALICE collaboration in Pb-Pb collisions
at \/synv = 5.02 TeV. [9,14].

however, it can be found in Ref. [13], where the agreement between aHydroQP model and
the data for different centrality classes is good.

Next, in the left panel of Fig. 3, the kaon-to-pion ratio (K4 K~)/(m"47~) is presented
as a function of pr in the 0-5% centrality class. As can be seen from this figure, our model
was able to reproduce the ratios well up to fairly large pr ~ 2.5 GeV. We also show, in
Fig. 3-right panel, the kaon-to-pion ratio as a function of centrality where our model again
describes the data quite well over a wide range of centrality classes. In Ref. [9], we showed the
kaon-to-pion ratio and also the proton-to-pion ratio for multiple different centrality classes
with a reasonable agreement to the data at 5.023 TeV for Pb-Pb collisions from ALICE
collaboration.

Next, we present comparisons of the anisotropic flow at 5.023 TeV for Pb-Pb collisions
from the ALICE collaboration. In Fig. 4-left panel, the identified elliptic flow coefficient
vy is shown in the 30-40% centrality class. A similar agreement between this model and
experimental data is seen across different energies, see Refs. [9,11,13]. Moreover, the elliptic

flow for charged hadrons as a function of pr is shown in Fig. 4-right panel at 30-40% centrality
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Figure 4: Left: The elliptic flow coefficient (v,) as a function of the transverse momentum
[15]. Right: The pr dependence of vy of all charged particles [16]. In both panels, aHydroQP
predictions are compared to experimental data from the ALICE collaboration in Pb-Pb
collisions at \/syy = 5.02 TeV in the 30-40% centrality class [9].

class. One can see that our model prediction agrees quite well with the data up to pr GeV.

Furthermore, we present, in Fig. 5-left panel, the charged particle multiplicity as a
function of the pseduorapidity where data are from the PHOBOS collaboration for Au+Au
collisions at /syny=200 GeV. In this plot, the multiplicity is shown for different centrality
classes: 0-3%, 3-6%, 6-10%, 10-15%, 15-20%, and 20-25%. We find that our model does a
good job in reproducing the pseudorapidity dependence of the multiplicity in a wide range
of centrality classes. A similar agreement to the data using aHydroQP model is observed for
other systems at different energies [9,13].

Finally, we present the aHydroQP predictions for HBT radii determined from pion cor-
relations. As an example, in Fig. 5-right panel, we show the R,,;/Rgi4. ratio as a function
of the mean transverse momentum of the pair #+7" in the 5-10 % centrality class. As can
be seen from this figure, our model was able to describe the experimental data from the
STAR collaboration quite well especially for low k7 up to ~ 0.4 GeV. For more details, see

Ref. [19]. We note here that a similar agreement of the HBT radii and their ratios with data

is seen for 2.76 TeV Pb-Pb collisions [13].
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Figure 5: Left: Charged particle multiplicity as a function of pseudorapidity where data are
from the PHOBOS collaboration [11,17]. Right: The Ry, /Rside ratio as a function of the
pair mean transverse momentum (kr) for 777" in the 5-10% centrality class where data are
from the STAR collaboration [18,19]. In both panels, results are from Au-Au collisions at

Vsnn=200 GeV.
6.7 Conclusions

In this chapter we presented a summary of recent progress in anisotropic hydrodynamics
and its application to heavy-ion phenomenology. We began with a demonstration in the
simple case of conformal Bjorken expansion that aHydro resums an infinite number of terms
in the inverse Reynolds number. This feature allows aHydro to better describe systems that
are far from equilibrium than traditional approaches. In AA collision large non-equilibrium
corrections occur during the initial stages of the QGP (7 < 1 fm/c) and at all times near the
cold edges of the plasma where the relaxation time grows large. In collisions of small systems
such as pA and pp one expects that, if a QGP is generated, it will be much more short-lived
than in central AA collisions due to larger transverse gradients and, as a consequence, it will
experience larger deviations from equilibrium during its evolution and freeze out.

Turning to AA phenomenology, we presented comparisons between the 3+1D aHydroQP
model and heavy-ion experimental data collected at RHIC and LHC. We list the extracted

initial central temperature and shear viscosity at 200 GeV, 2.76 TeV, and 5.02 TeV in Table
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1. At all three collision energies with these parameters, we were able to describe the identified
hadron spectra well, including the pr-dependence of the kaon to pion ratio. In addition, the
extracted integrated elliptic flow for charged particles and py-dependence of the pion, proton,
and kaon elliptic flow were found to also be in good agreement with the data. Finally, we
also presented comparisons between aHydroQP model predictions and STAR data from the
ratio of ‘out’ and ‘side’ HBT radii, again finding good agreement with the data given current
experimental uncertainties.

Looking to the future, final work is underway to release a new computational pipeline
for 3+1D aHydroQP which includes fluctuating initial conditions of various types such as
Trento [271,272] or IP-Glasma [273-275], a custom anisotropic hadronic freeze-out sampler
based on ISS [276], and full URQMD [277,278] or SMASH [279] hadronic afterburners that
include elastic as well as inelastic channels. Once complete, this will allow us to compute

higher-order flow coefficients using aHydroQP in AA, pA, and pp collisions.
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Chapter 7

Summary and outlook

This chapter provides a summary of the principal findings of the research, followed by
discussions and prospective directions for relevant research projects. The primary objective
of this research was to gain a deeper comprehension of the non-equilibrium dynamics of
the Quark-Gluon Plasma (QGP) generated in ultra-relativistic heavy-ion collisions. The
purpose of this study was to investigate the role of non-equilibrium effects at various phases
of dynamical evolution. In order to accomplish this, we employed the Romatschke-Strickland
anisotropic distribution function in both theoretical and phenomenological investigations.
This distribution function allowed us to analyze and quantify the observed anisotropic flow
phenomena in heavy-ion collisions. In order to provide an exhaustive and accurate evaluation
of the results, we also compared them to other formulations of viscous hydrodynamics.

In Sections 4.4, 5.6, and 6.7, where each chapter concludes with more in-depth analyses,
the findings are discussed in greater detail. These sections delve into the particular results of
the research, highlighting the significance of non-equilibrium effects and casting light on the
complex dynamics of the QGP system. It is suggested that the reader consult these sections
for a fuller understanding of the research findings. The research initiatives discussed in
this chapter provide avenues for future investigation. The non-equilibrium dynamics of the
QGP system remain a subject of interest and significance in the field. Additional aspects
of the system’s behavior, the effects of various initial conditions, and the interplay between

non-equilibrium dynamics and other phenomena could be the focus of future research.
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7.1 Summary

The main purpose of the work presented in Chapter 4 was to develop a more accurate set
of equations for the anisotropic hydrodynamic evolution in order to better characterize the
non-equilibrium dynamics of the quark-gluon plasma produced in relativistic heavy ion col-
lisions at RHIC and LHC. To improve the description of exact solutions to the Boltzmann
equation found in the literature, a novel version of anisotropic hydrodynamics was devel-
oped, which incorporates free-streaming and equilibrating contributions. Using the new
aHydro method, we computed explicit expressions for the first and second moments of the
one-particle distribution function and used these to derive new 0+1d conformal equations of
motion. The study also compared the exact RTA solution with the numerical solutions of the
conformal 0+1d equations of motion for both the old and new aHydro schemes. According to
the results, the new aHydro form can generate a bimodal distribution function comparable
to the exact RTA solution for the one-particle distribution function. In addition, the study
computed the evolution of the scaled moments as a function of the scaled time and we found
that the new aHydro ansatz provides a more accurate approximation to the exact solution
than the original aHydro ansatz. The study concluded by determining the non-equilibrium
attractor associated with the new aHydro scheme and concluding that it provides signifi-
cantly greater agreement with the exact RTA attractor than the original aHydro scheme,
especially for moments with [ = 0. In the future, the study suggests that it would be fasci-
nating to apply the ansatz obtained here to full 34+-1d anisotropic hydrodynamics, including
temperature-dependent masses for the particles similar to ‘canonical’ quasiparticle aHydro.

In Chapters 5, by examining an explicit solution of the boost-invariant Boltzmann equa-

tion within the relaxation time approximation, we sought to determine whether attractors
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exist in non-conformal kinetic theory. The time evolution of integral moments of the one-
particle distribution function was studied by numerically solving the integral equation asso-
ciated with the exact solution and taking into account a variety of initial momentum-space
anisotropies and initialization times, while keeping the initial energy density constant. The
occurrence of early and late attractors for the scaled longitudinal pressure, which indicates
the convergence towards a universal behavior, was the study’s key finding. These attractors
provide important insights into the dynamics of non-conformal systems and suggested that
the longitudinal pressure evolution may exhibit universal behavior that goes beyond the
specifics of the initial conditions. Separate attractors did not, however, appear for the shear
and bulk viscous corrections, suggesting that these variables have non-universal character-
istics. For the values of n considered, moments with [ = 0, in particular, did not show an
early-time attractor.

Expressions for the first-order viscosity-corrected one-particle distribution function were
generated inside the 14-moment and Chapman-Enskog approximations to evaluate the ap-
proach to the late-time hydrodynamic attractor. The findings showed that the first-order
Chapman-Enskog form had greater quantitative agreement at late times, especially for
higher-order moments and small masses relative to the initial temperature. However, when
compared to the exact answers, the two approximation methods produced results that were
equivalent for larger masses. Notably, it was found in chapters 5 Fig. 9 that the bulk vis-
cous correction did not collapse to a single curve in the late-time, which corresponds to the
Navier-Stokes limit accurate at first-order in gradients. This finding emphasizes how criti-
cal it is to take into account higher-order gradients in order to appropriately describe the
behavior of the bulk viscous correction.

Finally, Chapter 6 provides a comprehensive overview of the most recent developments

in anisotropic hydrodynamics and their application to heavy-ion phenomenology. We began
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by demonstrating aHydro’s resummation capability in the context of conformal Bjorken
expansion, where it effectively includes an infinite number of terms in the inverse Reynolds
number. This unique characteristic of aHydro enables it to describe systems that are far
from equilibrium more accurately than conventional methods. Particularly, in heavy-ion
collisions, significant non-equilibrium effects arise during the early phases of quark-gluon
plasma (QGP) formation (at 7 < 1 fm/c) and close to the plasma’s boundaries, where the
relaxation time is extended. Moreover, in smaller systems, such as pA and pp collisions, the
QGP’s shorter lifetime owing to larger transverse gradients results in even more pronounced
deviations from equilibrium during its evolution and freeze-out.

Shifting our attention to heavy-ion phenomenology, we provided extensive comparisons
between the 3+1D aHydroQP model and experimental data from RHIC and LHC. The
extracted initial central temperature and shear viscosity for collision energies of 200 GeV,2.76
TeV, and 5.02 TeV are shown in Table 1. Remarkably, the model reproduces the identified
hadron spectra, including the ppr-dependence of the kaon-to-pion ratio, with these parameter
values. In addition, the extracted integrated elliptic flow for charged particles and the pp-
dependence of elliptic flow for pions, protons, and kaons were in outstanding agreement with
the experimental data. In addition, we presented comparisons between the aHydroQP model
predictions and STAR data on the ratio of ‘out’ and ‘side’ HBT (Hanbury Brown-Twiss)

radii, which showed good agreement within the experimental uncertainties.

7.2 Outlook

On the basis of these findings in Chapter 4, it would appear that the new version of
anisotropic hydrodynamics (aHydro) improves the description of the non-equilibrium dy-
namics of the quark-gluon plasma in heavy-ion collisions. Here are some recommendations

for future research in this area. Since the new aHydro method can reproduce a bimodal
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distribution function similar to the exact RTA solution, it would be fascinating to investi-
gate the physical implications and consequences of this bimodal structure. Understanding
the fundamental mechanisms and their relationship to experimental observables could yield
valuable insights. Extensive comparisons with experimental information: Validate the new
aHydro method by comparing its predictions to heavy-ion collision experiments at RHIC and
LHC. This would entail analyzing various observables, such as particle spectra, anisotropic
flow coefficients, and correlations, as well as determining the accord between the new aHydro
predictions and the experimental measurements. Addition of more physical principles such
as examine the extension of the new aHydro framework to incorporate more realistic physics,
including additional dissipative effects, finite-size effects, and quantum statistics. By inves-
tigating the effect of these additional factors on the system’s evolution and the resulting
observables, the dynamics of the quark-gluon plasma can be better understood. Application
to various collision systems: Examine the applicability of the new aHydro method to sys-
tems besides heavy-ion collisions, such as proton-proton and proton-nucleus collisions. This
would enable for a more extensive examination of the method’s validity and its capacity to
describe various collision system types. While the study focused on 0+1d conformal equa-
tions of motion, extending the new aHydro formalism to higher dimensions (such as 1+1d,
2+1d, or even 3+1d) would be advantageous. This would allow for the examination of more
realistic scenarios and provide a deeper understanding of anisotropic hydrodynamics. The
aforementioned recommendations are intended to enhance our comprehension of the non-
equilibrium dynamics in heavy-ion collisions and further refine the new aHydro method. We
can continue to improve our modeling of the quark-gluon plasma and obtain insight into
the properties of the strongly interacting matter produced by these collisions by combining

theoretical developments with experimental investigations.
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Moreover, the discoveries obtained in Chapter 5 provide new opportunities for non-
conformal kinetic theory studies in the future. By examining various initial conditions,
system characteristics, and enhanced approximation techniques, the study of attractors in
non-conformal systems can be refined and expanded. Another potential area, illustrated
by the conformal instance, is to examine the implications of attractors for heavy-ion phe-
nomenology. For instance, it has been demonstrated that the initial energy density of the
quark-gluon plasma (QGP) and electromagnetic emissions can be constrained by the pres-
ence of a longitudinal pressure attractor. The general concept of using attractors in heavy-ion
phenomenology is still relevant, even though the study’s findings indicate that there may
be some additional uncertainty related to how attractors are treated in the [ = 0 scenario.
The forward attractor nevertheless exhibits a collapse to a universal behavior when seen in
moments with [ # 0 for phenomenologically relevant starting times. Contrary to the confor-
mal situation, the existence of a semi-universal collapse for moments with [ = 0 introduces a
small degree of uncertainty. Future research can focus on addressing these uncertanities and
provide a more thorough explanation of the function of attractors in non-conformal kinetic
theory.

Finally, depending on the result that we obtain in Chapter 6, in preparation for the
future, we are currently developing a new computational infrastructure for 3+1D aHydroQP.
This pipeline incorporates fluctuating initial conditions based on models such as Trento or IP-
Glasma, a custom anisotropic hadronic freeze-out sampler inspired by the Integrated Surface
Sampler (ISS), and full URQMD or SMASH hadronic afterburners that include both elastic
and inelastic channels. This pipeline will allow us to compute higher-order flow coefficients
using aHydroQP in a variety of collision systems, including AA, pA, and pp collisions, once it
is completed. This effort represents a significant step toward a more complete comprehension

of the collective behavior of strongly interacting matter in various collision scenarios.
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Appendix A

Units

Natural units are a system of units used in physics, where physical quantities are ex-
pressed in terms of the fundamental constants of nature. The most common natural units in
use today are based on the speed of light, ¢, and the reduced Planck constant, h, with ¢ = 1
and A = 1. This means that instead of using standard units like meters and seconds, they
use the speed of light (¢) and the reduced Planck constant (%) as the units for measuring ve-
locities and actions. For example, energy, momentum, temperature, and mass are measured
in units of GeV (or MeV) instead of Joules, while length and time are measured in units
of GeV™! instead of meters and seconds. In high-energy physics, scientists use the natural
units to make their equations and calculations simpler. The advantage of using natural units
is that many physical equations become much simpler and more transparent. For example,
the expression for the energy of a particle with mass m and momentum p can be written as

P + m2ct = \/]m in natural units. This equation is much simpler and easier
to understand than the equivalent equation in standard units, where ¢ and h are explicit.

To convert to SI units (stands for the International System of Units), we use

Ifm = 107" m,

leV = 1.602x107"7J, (A1)

where in SI units we have
h = 6.626070150(81) x 1073 Js, (A.2)
c = 299792458 x 10°* m/s. (A.3)
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By setting h = ¢ = 1 in natural units, we obtain the conversion relations that allow us to

easily convert from the energies and spatial/temporal lengths in natural units to SI units.

1GeV™! =0.197fm = 6.582 x 107 *°s. (A.4)

Also, it is interesting to obtain an estimation of the temperature of the QGP in terms of
Kelvin. For a typical temperature of QGP, i.e. T, ~ 150 MeV, and to convert from MeV
to Kelvin (K), one needs to use the Boltzmann constant (kp), which relates temperature to

energy in the following way

E=kgT

with F is the energy in joules, Boltzmann constant kg = 1.38 x 1072J/K, and T is the

temperature in Kelvin. It yields

T, ~1.74 x 10" K. (A.5)

Throughout the text we use natural units with ¢ = h = kg = 1.
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Appendix B
Basic Notation

B.1 Coordinate system and local rest frame

It is practical to establish a unique coordinate system in particle and nuclear physics,
where the spatial z-axis is parallel to the accelerator beam. The 3-vector connecting the
centers of a beam particle and a target particle typically points in the opposite direction in
collisions that are not quite central (not head on). The impact vector b, is a two-dimensional
component of this vector that is orthogonal to the beam. The x direction is typically used
to indicate this vector’s direction. The so-called response plane of a specific collision [z, 2] is
spanned by these two axes, z and z. Additionally, the local rest frame (LRF) of an object
is the frame of reference in which the object is at rest, even if it is actually moving through

spacetime. Therefore, in the LRF, we have

uy e = (1,0,0,0),
xl;,RF = (07 170,0)7
yzRF = (0707 170>7

ZZRF = (07 07 Oa 1) . (Bl)

178



B.2 Spacetime parametrization
In special relativity, spacetime is treated as a four-dimensional continuum, and the space-
time coordinates are represented as x*, where u takes on values from 0 to 3. These coordi-

nates are used to describe events in spacetime,

o = (2%, 21, 2% 2%) = (t,2,9,2). (B.2)

The invariant time that also called the longitudinal proper time 7 is the invariant time (often
called the longitudinal proper time) is defined as the proper time experienced by an observer

moving along a trajectory in spacetime. It is calculated using the spacetime coordinates as

T =Vit? — 22, (B.3)

The spacetime rapidity 7 is a parameter used in high-energy physics to describe the rapidity

of particles. It is defined as

1. t+=z

=1 .
" 2 nt—z

(B.4)

Rapidity is a useful concept because it transforms linearly under Lorentz transformations
and is additive in particle collisions.

We further define the distance in the transverse plane r, which refers to the plane per-
pendicular to the longitudinal direction (usually along the z-axis). Moreover, the transverse
plane angle ¢ which defined as the angle between the vector from the origin to a point and

the positive x-axis

r= \/m, ¢ = tan™" (Q) : (B.5)

T

Moving to the scalar product of two four-vectors (or four-momenta) that is often used in
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relativity to calculate quantities like energy, momentum, and invariant mass its notation is

a-b=a,b' = g,a"d", (B.6)

where a,, and V* are components of four-vectors, and g, is the metric tensor. The metric
tensor specifies the geometry of spacetime. In flat spacetime, such as in special relativity,

the metric tensor has a diagonal form

1 0 0 0
0O -1 0 0
g = , (B.7)
0O 0 -1 0
0 0 0 -1

where the spacetime intervals have a signature of ¢"* = (1,—1,—1,—1), and ¢"’g,, =4 is a

property of this metric tensor.

B.3 Four-momentum parametrization

One of the key concepts in relativistic kinetic theory is the four-momentum of a particle
pt, which is a vector quantity that combines the particle’s energy, mass, and momentum
into a single entity. The momentum of a particle depends on its energy as well as its mass
and velocity, and the four-momentum incorporates all of these factors and it is typically
parameterized as follows due to ultra-relativistic speeds along the z-axis in space-time: The
four-momentum of a particle is a measure of the particle’s mass and its motion. It is a
four-vector in spacetime, which means that it has three spatial components (representing

the particle’s momentum) and one temporal component (representing the particle’s energy).

180



In classical mechanics, the four-momentum of a particle is given by the following equation:

=", ", 0% p%) = (B, s, Dy, 0 = 1) 4 (B.8)

where E is the energy of the particle, p,,p,, and p, are the components of the particle’s
momentum. In this case, the energy and momentum of the particle are related by the

equation F = /p2 + m?2, where m is the rest mass of the particle. Moreover, the transverse

mass and the transverse momentum are

mr = \/m2+p%7
pr =\/P: + ;-

Additionally, the longitudinal rapidity, and the azimuthal angle in the transverse plane are

1 Ep_'_pL
y==ln 28
2 Ep_pL

¢, = tan™" (‘@) .
Dz

The pseudorapidity is defined as following

n= %m (M) =—In [tan(e/Q)] , (B.9)

|p| — Dz

where 6 is the angle that particle makes with the longitudinal direction (beamline direction).
So, by measuring 6 one can calculate 1. Pseudorapidity ranges (—oo, 00) for the particle

along the beamline moving backward and forward, respectively. For the massless particles

one has n =y.
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B.4 Fluid velocity

In particle physics, the four-velocity of a particle u* describes how a particle moves
through space-time and how is affected by external forces and it referred as a “time-like”
unit vector parallel to the world-line of the particles (if there are particles in the matter,
otherwise it is parallel to the energy flow). It is defined as u* = (u°, u', u?, u?), where u® is
the time component of the four-velocity and u!, u?, and u® are the space components. The
four-velocity is normalized such that w*u, = ¢ = 1, where ¢ is the speed of light and u,,

is the four-velocity in contravariant form (obtained by lowering the index with the metric

tensor).
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Appendix C
Tensor decomposition

We close this chapter with a section discussing algebraic structures of tensors used in our
approach. Of special importance are the structures obtained for equilibrium and anisotropic
RS distributions. The basis vectors are represented by the four-vectors denoted as A, B, C'
€ [U,X,Y, Z]. These vectors are used to form a basis for representing tensors and vectors
in spacetime. Each vector corresponds to a specific direction in spacetime. These vectors
are chosen to be orthogonal to each other, and they form a complete set, meaning any four-
vector can be expressed as a linear combination of these basis vectors. The basis (B.1) is a

orthonormal one in the sense that

0 for A# B,

A-B= 1 for A=B=1U, (C.1)

—1 for A=B#U.

\

In particular, one may express any four-vector by decomposing in the basis { A}. For example,

the particle number flux can be written as
Nt(z) =) ny A", (C.2)
A
where the coefficients n 4, due to Egs. (C.1), are given by the projections
ny = AN'(z)A% (C.3)
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with A2 = A- A (note that A? = —1 for space-like four-vectors of the basis (B.1)).
The tensorial basis for the rank-two tensors is constructed using tensor products of the

basis four-vectors {A ® B}. Using Eq. (B.1) one may express the metric tensor as [103]

g =t = 3 ARAY (C.4)
A£U

where this expression reflects the spacetime metric in a coordinate system aligned with

the observer’s four-velocity. The projector on the space orthogonal to the four-velocity,

AM = g — UFUY, then takes the form

- ArAY, (C.5)

A£U

and satisfies the conditions U, A" = 0, A* A* = A" and A¥ = 3. In addition, the

decomposition of the energy-momentum tensor takes the form

T ( ZtABA“B (C.6)
with the components of T+ (x) defined as

tap=A,B,T" (z) A’B?. (C.7)

Similarly, one can construct the tensorial basis for the rank-three tensors allowing to decom-

pose I* tensor as follows

]“V)\<CL’) == Z CABcA“BVOA, (08)

A,B,C
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where the coefficients c4pc are defined through the expression

capc = A,B,C\I"(x) A’B*C”. (C.9)

Next, by using
e = [y s (C.10)
TH(y) = /ﬁpp%ﬂﬂﬁp% (C.11)
IWVw)::(/dPﬂ%ﬁff@Jﬁ (C.12)

in Egs. (C.3), (C.7) and (C.9) one gets

na = /de“Au A2f($7p)7 (C13)
mgz/wwﬂ@aﬂww@m (C.14)
CABC = /de“p”p’\A“ B, C, A? B2 C’Qf(x,p). (C.15)

In case of using equilibrium or anisotropic distribution function in Egs. (C.13), (C.14) and

(C.15) one has

na = 0 if A£U, (C.16)

tap = 0 if A#B, (C.17)

where in the case of the equilibrium distribution function, the momentum-isotropic state
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Egs. (C.2) and (C.6) will be as the following

Ni(z) = ng'U", (C.18)
T () = try URUY =t XHXY — (5, YRYY — 15, Z1ZY = EURUY — PIAM, (C.19)

I"Na) = iy UrU U+ )y j(UNAFAY + AU A + AAAUY). (C.20)
A

However, in the anisotropic distribution function, one obtains

Niz) = njUH, (C.21)
T (x) = thUrU” — tx XXV — 6y Y'YV — 15, 2P 2", (C.22)
= SV - PAY +PrZMZY, (C.23)

I = &y UNUMUY

— dopr (U URAY +UTAY)

+ gy (UMZPZY+UZMZY + UV 22V, (C.24)
with
E=thy, Pr=1xx=1ty, PL=1%7 Cixx = vy = Urr- (C.25)

Here AV = — (X# X" 4+ Y*Y") is the projection operator on the direction orthogonal to U

and Z.
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Appendix D
The H and R functions

The functions H, H, and Hp are defined by the integrals

™

Hy) = y/d@ sin(‘)\/y200526’+sin29,

0

™

sin 6 cos? 6
Hi(y) = y* [ db :
() J V42 cos? 6 + sin? 6
[ sin® 0
Hrly) = v [ as | D.1
) Y V12 cos? 0 + sin® 0 (1)

0

There are simple relations connecting H, Hy, and Hy with the functions R, R, and Rr

defined in Ref. [97], namely

(=) = 2RO,
’HL< 11+§) = %RL(Q,
HT< f%g) ~ IRefg). (D2)

with

17 1 arctan /&
Rd&) = 5[1+£+ VE }
3 [1+ (& - DR
Rel®) = i[ E+1 ]
Rife) = 3 [EFEAOE] (D.3)
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Appendix E

Finding a general moment for a Boltzmann equilibrium distribution function
E.1 For conformal system m =0

M) = [P w o (-5Y)

dBp a1 9 E
- [apETitalr).

d3p ot p 2
/ (2m)3 (p?F +pg) 2 pglfeq <_ Tg + T2>

Changing variables to p; = % with i € (z,y, 2)

Tn+2l+2

M”l( )= (2m)3

/ Bp (5t 72)T 5 fun (—1D)

Next, transform to spherical coordinates:

Ps = psinfcoso,

Py = psinfsing,

p. = pcosh,
one obtains
Tn+2[+2 T 27
M(r) = 5 / dp p" ! feq(—ypy)/ cos”@sinede/ do
(2m) Jo Jo 0
=F(2l:n+2)
2T2l+n+2r 2l 4 + 2
Mi(r) = (2 +n+2) 1)

(2m)2(20 + 1)
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E.1.1 Computing the first moment for a 0+1d system

Computing the first moment gives
8,T" = 0. (E.2)

where
T" =€ u'u” — P A", (E.3)

and the standard transverse projection operator, which is orthogonal to u*, can be expressed

as the following

A’“’:g"”—u“u”:—ZX”XV. (E.4)

Therefore

T = e ufu’ + ) PXIXY,

0, T" = u” w0y, e + u’e Qu +e u'd, v’ + Y [X} XI'0, P+ X!/'P, 0,X!'+P; XI'0, X!,

u, 0, T" = u,u” De + u,u” €0 + € Du"u, + Z[UVXZ-V D;P; +u, X} P;0; + u,P; D; X/],
~ ~—~— —— — ——

1 1 0 i 0 0
u, 0, 1" = De+ €0+ u,P DX} = De+ e+ _ Pi0; (E.5)
with the co-moving derivative D = u#d,, the expansion scalar § = J,u* , and §; = —u, D; X}",

where X! are space-like basis vectors that are orthogonal to u*. Moreover, by taking into

account the conservation of energy 9,7"" = 0, one finds

De+ef+> P =0. (E.6)
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For the case of 0+1d Bjorken expansion one has D = 0., § = ,u* = 1/7, 0, = 0, = 0
and 0, = —1/7. Therefore, by expanding this equation out in terms of the non-vanishing
components of the energy-momentum tensor, for a 0+1d system, one obtains the evolution

equation that can be written compactly as

de— 1L (E.7)

E.1.2 Computing the second moment for a 0+1d system

TR — / dP p'p"p f . (E.8)

Finding I,
L= [P G e 2021 (E9)
By applying f = exp <—W), p-u=FE p-z=—p,, and dP = )3E7 one finds

d’p 2 \/pT + (1 +&(7))p2
I, /( 37)E Epz exp ( A ) : (E.10)

1 Py P
= ok /d3p p; exp ( A_g + 042/\2) , (E.11)

where o = \/IITS Next, by changing variables to

A pr
pT—K7
N

pZ C]{A’
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one obtains

De = psinf cos ¢,
Dy = psinfsin g,

D, = pcosb,

gives
00 s 2m o0 T
/dQﬁT d]ﬁzz/ P dp/ sin ¢ d@/ d¢:27r/ p? dp/ sin @ db ,
0 0 0 0 0
BN [, T 9
I, = 5 pdpexp(—|p|) | sinfcos”0db, (E.13)
(27) Jo Jo .
L(z)=/[,~ t(xl)e*tdt:24 ?
L= o) = 1 59 (E.14)
where I, = ﬁA?
Finding I, :
Now to find I, by doing the same steps:
L= [aP oo, (E.15)
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2 T
with f = exp (—W), p-u=FE p-z=—p,, and dP = %, one finds

(2m)3E A(T)

_ 1 3, 2 o Pr p?

L / . (_Vp%+<1+a<f>>pz>j (B16)

where o = \/11? Next, by changing variables to

s P
pT_A7
P
pZ OéA’

one obtains
al® o A A
I = —— /d2pT dp, prexp | —/p> + 92 ) , (E.18)
(27)
then transforming to spherical coordinates

Pe = psinf cos ¢,
Dy = psinfsin ¢,

p. = pcosb,

gives

e ) T 27 00 ™
/dZﬁT dp. = / p’ dp/ sin ¢ d@/ dop = 27r/ p? dp/ sinf df ,
0 0 0 0 0
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OéA5 e 4 T . 2
I = p dpexp(—|p|) | sinfcos”6do,
(2m) Jo 0

[(2)=[" Ve~ tdt=24

N /
~~
2
3

N _
I, = (27T>2(24)(§)A =1y Sr(§) = 1,

E.2 For non conformal system m # 0

Start by using the classical Boltzmann statistics distribution function

2+ 2 +m2
feq:eXp (_ V pz pT ]

T(r)

Then, the general expression is

mrt = / AP (p- )" (p- 2)? fugluw, pr)

andbyusingp‘u:E,p-z:—pz,dpzﬁ, and E = /p7. + p? + m?

™

d3 /2+ 2_'_ 2
Mgé :/ P E™p* exp <— Pr TPz T

(2m)3E T(T)

1 3, pm—1,2l vt | p: o m’
= W/dpE p; exp | — ﬁ—i-ﬁ—i-ﬁ

1 n-1 py | pi  m
= @y /d?’p(pQT+p§ +m?)"% pZ exp (— mtEmtm
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Changing variables to

A pr .
pT:T, de:poT,
. P A
= 5 d , = Td 2

Pz =" p b

R m

Meqg = — ,
1T

one obtains
z T2+n+2 , , ) Lot
Moy = W/dp:r dp: (b + P + 1) = P2 exp (‘\/p%+p§+m§q> :

Transforming to spherical coordinates one finds

VB iy = \J

oo T 2 00 ™
/dQﬁTdﬁZ :/ ﬁQdﬁ/ sinﬁdﬁ/ dop = 27r/ ﬁzdﬁ/ sin 6d0 ,
0 0 0 0 0

~2 ~2 ~2 A2 ~ 2
pT+pz+meq_p +meq'

Therefore,
MY = e /oo dpp?'+? exp (— p? + m2 ) (p* + )n;l /7r dfsin® cos® 0. (E.23)
“ T @ o VI @ o
R
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To find F, we change variables as following

l‘E\/ﬁ2+mgq, =p= xQ—mgq,
0 b
dp — P _ PAp = xdz = pdp,

VP
p=0= =",

P=00=>1=00.

giving

T2An+2  poo 2141 1 [T
M = 5 / wdr (x> —m2) 72 e (x)" / dfsin 6 cos? 0.
(2m) e Jo

Py

Now we compute the part F;, using the following form, which is a Bessel function
v [ 1
K(s) = — YT (3> / e (2% — 1)~ 3dz. v> . (E.24)
1

When v =1

Ki(2) _ /1°° e (22 — 1)}da (E.25)

Taking the derivative in Eq. (E.25) one obtains

dK,(z < 1 < 1
dlz( ) :K{(z):/l e (x2—1)2d:1:—z/1 re (2% —1)2dw. (E.26)
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By using the identity:

Ki(2) = =3 Koa(2) = 5K,

when v =1

Ki(2) = —5Ko(2) - 5Ka(2),

we then substitute the results of Eq. (E.26) in Eq. (E.28), one obtains

when v = 1 one obtains

Kolz) = Ko(2) + %Kl(z)

= Ko(z) = Ky(z) — gKl(z).

Applying this result in Eq. (E.29), gives

%Kl(z) - %Kg(z) - %Kg(z) = Kilz) z/looxe_” (2% — 1)l

z

Ky(z) = z/ xe_m(ﬁ—l)%dx.
1

which results in
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Using

T =[P+ 2, = e

dr = Meq dy ,

eq

T=Meq=>Yy=1,

K241, =T =Meq Y,

éxdx:mgqydy,

T=00=7Y =00,

(E.32)

. T2l+n+2 00 r o 9 g 2 ey (o _— T ' ol
M, = 2z . Moy Ay (Mey™ — Megy) 2 € (1eq ¥) i dfsinf cos™ 0,
or
nl _ (Mg T)Ql+n+2 a2 B " : 21
Meq_W 1 Y (y"—1)"2 e MV dy i df sin 0 cos™ 0 .

E.2.1 Equilibrium thermodynamic functions

The general moment that I obtain in section 1.3 is:

nl __
M =

(meq T)21+n+2

()

/ y" (v — 1)% e ey dy / dfsin @ cos® 6.
1 0

The equilibrium particle density

(E.33)

Using the general form Eq. (E.33) when n =1 and | = 0 to find the equilibrium particle

density:

10 _
M, =

53 3
me, T

272

/ yvVy:—1 e‘meqydy.
1
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By comparing the integral in Eq. (E.34) with Eq. (E.31)), one finds :

Ko (ineq). (E.35)

The equilibrium energy density

Using the general form Eq. (E.33) when n =2 and [ =0

S4
20 _ Mg T

e 9r2

/ vy — 1 e Meal dy . (E.36)
1

To solve the integral ffo y? /y? — 1 e ™a¥ dy we start by taking a derivative of Eq. (E.31)

dK: o 1 > 1
dQ(Z) = Kj(z) = / re * (2? — 1)2dw —Z/ v?e " (22 — 1)2dx. (E.37)
z 1 1
_K3(2)

Ky(2) = 3 Kal2) — 5Ks(2). (E.38)

- z/ rre (2 — 1)2dz . (E.39)
1
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then using the identity Eq. (E.30) when v = 2 gives

Ks(2) = Ki(2) + %KQ(Z) . (E.40)

Applying this result in Eq. (E.39) gives

1 1 2 K. o 1
——Ki(z) — =Kq(2) — —Kz(z) = 2(2) z/ v?e (2% — 1)2dx
2 2 z z 1

1 3 o0
SKi(2) + S Ko(2) = / 22 e (22 — 1)2dx. (E.41)
z Z 1

The form of the integral in Eq. (E.41) is the same as in Eq. (E.36) by considering z = 1

and T = Meq Y, SO

~ 4 4
20 _ Meg T [ 1 N 3 5
Mg = 92 m_Cqu(meq) + m_qu2(meq> : (E.42)
m2 T4
eq — 2;17_2 [3K2(meq) + mqul(meq)] . (E43)

The equilibrium pressure

Using the general form Eq. (E.33) when n =0 and [ =1

A . T 4 0 . s
Poy = %/ (y? — 1)2 ¢ ¥ gy / dfsinf cos* 0, (E.44)
1 0
mzelq T4 00 ) s .
Peq = 672 / (" —1)ze ™Mavdy. (E.45)
1

To solve the integral in Eq. (E.45), we use Eq. (E.24) when v = 2 and z = 1, and

rT=1y

A ﬁ mg * —, 3
Ko(1heq) = r'(2) 4q ) e (y? —1)2dy, (E.46)
2
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or, equivalently,

o0 3 3 )
/ e~ MoV (y? — 1)2dy = — 5 Ko(1ieq)
1 eq
Therefore,
mgq T 3 . mgq T .
Peq - 672 1 gq KQ(mGQ) = 72 Kz(mBQ)
Poqg = TNy -
The equilibrium entropy
The entropy can obtained as follows
ge —"_ Pe
Seq — q 7 q
1 mZ, T m2, T

= [3K2<meq) + mqul(meq)] + ;q K2(meq) )

T 272 2

which upon simplification gives

T
Seq = 2;1_[_2 [4K2(meq) + mqul (meq)] .
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