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Abstract

In this thesis, the classical field model developed by Krasnitz et al. is used to compute
quark and photon production in heavy ion collisions. The first part of the thesis serves
as an independent verification of previous results for quark production. To do so, an
iterative method is developed to solve the non-linear system of equations that gives
the initial condition for the gluonic field. In the second part, the expression giving
the photon production rate is simplified using the symmetries and properties of the
Color Glass Condensate and McLerran-Venugopalan models. From the two Feynman
diagrams that give the leading order contribution, one is much larger than the other.
The dominant diagram is given by a continuum spectrum with a very prominent peak

superimposed on it.

vil



Résumé

Dans cette these, le modele développé par Krasnitz et al. basé sur les champs clas-
siques est utilisé pour calculer la production de quarks et de photons dans les collisions
d’ions lourds. La premiere partie de la these consiste en une vérification indépendante
de certains résultats sur la production de quarks. Pour se faire, une méthode itérative
est développée afin de solutionner le systeme d’équations non-linéaires qui donnent les
conditions initiales du champ de gluon. Dans la seconde partie, ’expression donnant
le taux de production de photons est simplifié en utilisant les symétries et les pro-
priétés du Color Glass Condensate et du modele de McLerran-Venugopalan. Deux
diagrammes de Feynman donnent la contribution a ’ordre dominant mais 'un d’eux
est plus important que 'autre. Le diagramme dominant donne un spectre continu

superposé d’un pic proéminant.
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1

INTRODUCTION

1.1 Heavy ion collisions

The goal of high energetic collisions is to produce and study new particles and states
of matter that are not accessible in everyday physics on Earth. One can differentiate
high energetic collisions in two important groups. The first involves collisions between
elementary particles (like electrons, positrons) and/or single hadrons (like protons).
This field is known as particle physics and the main goal of it is to discover the
particles and interactions that govern the quantum world. Such collisions give rise to
relatively few! particles that propagate in vacuum until hitting the detectors. Because
of the small number of reaction products, the detected particles and interactions can
be reconstructed individually. This is helpful in studying free particles as well as the
interaction between particles in the absence of a medium. A famous example of such
an experiment is the Large Electron-Positron Collider (LEP) which has run at beam
energies of /s = 90 — 200 GeV?3. It made very precise measurement for the mass of
the W and Z bosons as well as constrained the number of light neutrino flavors to
3. Another important example is the Large Hadron Collider (LHC) which will run
at a peak energy of /s = 14 TeV and is expected to find the Higgs boson (the only
missing particle from the Standard Model (SM)) and look into new physics beyond

Very high energy collisions can produce many particles, but this number is still small compared to

the number of particles resulted from nucleus-nucleus collisions.
2The center of mass energy /s is defined as s = (k1 +k2)? where k1 and k2 are the 4-momenta of the

two colliding particles. /s gives the maximum energy available to produce particles in a collision.
3The beam energy at LEP was increased over the lifetime of the collider.
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SM, like supersymmetry and string theory.

The second category of high energy collisions are the ones between heavy ions which
is the field of nuclear physics. These collisions involve large nuclei (like Au or Pb)
and thus will result in a large number of reaction products. The only way to analyze
such collisions is to use statistical observables averaged over many particles. This
makes the task of studying the physical phenomena during the collision even more
challenging, but it has the advantage of studying the properties of the elementary

1. Moreover, these collisions

particles and interactions in the presence of a medium
are used to study the medium itself. This is especially important since in the very
early universe the particles were in a medium similar to the one produced nowadays in
heavy ion collisions (HIC). Typical examples here include the Relativistic Heavy-Ion
Collider (RHIC) which collides protons and heavy ions at center of mass energies per
nucleon pair® /s = 200 GeV and LHC which will also have heavy ion collisions at
center of mass energies in the TeV range.

One of the most important goals of current high energy HIC experiments is the
search for a new state of matter, the Quark Gluon Plasma (QGP). QGP has been
inferred theoretically for over 25 years, but only recently, with the start of the RHIC
experiment, did the collision energies become large enough such that it was expected
to see the QGP. The QGP is defined as “a (locally) thermally equilibrated state of
matter in which quarks and gluons are deconfined from hadrons, so that color degrees
of freedom become manifest over nuclear, rather than merely nucleonic, volumes” [1].
This state of matter is believed to be present only in very extreme and energetic
conditions, such as the early universe, neutron stars or high energy HIC.

Before going into more details about QGP, let us look in more detail at the current

!The medium is created by the very large number of particles produced during the collision.
2For HIC the center of mass energy +/s is defined per nucleon pair and not for the two nuclei. This

is because only individual partons' from the two different nucleons collide to form new particles.
Since each colliding parton can have at most the total energy of the nucleon which it is part of,
the maximum energy available for new particle creation is given by the center of mass energies per
nucleon pair. TPartons is a general term to denote the constituents of a nucleon, i.e. quarks and

gluons.
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understanding of HIC. The two colliding nuclei are moving towards each other at
speeds close to the speed of light (0.99995¢ at RHIC). In the center of mass frame,
due to the high Lorentz + factor!, the two nuclei will look like two “pancakes” moving
towards each other. During the collision, partons from the first nucleus will interact
with partons from the second nucleus to form new particles. The newly created
particles will form a “fireball” that will expand until reaching the detector. More

precisely, one can differentiate the following stages in a HIC:
1. Initial hard collisions
2. Pre-equilibrium
3. Thermalization
4. QGP
5. Hadronic phase
6. Free streaming

The first stage, that of hard collisions, takes place during the first instances of the
collision between the two nuclei. It is characterized by a large momentum trans-
fer between the interaction partons, so this stage is well described by perturbative
Quantum Chromodynamics (QCD). The following two stages are the next steps in
the evolution of the fireball towards a system in (at least local) thermal equilibrium.
They involve additional particle production due to the hard partons inside the fireball.
Moreover, due to collisions between different partons, the outcome of these two stages
is a local thermal equilibrium. These stages are more difficult to model analytically
due to the out of equilibrium processes taking place. There are several formulations

that seem to give reasonable results, one of them being the Color Glass Condensate

LAt the RHIC energies of /s = 200 GeV per nucleon pair, the Lorentz contraction factor is v ~ 100
for each nucleus. Each nucleus has a longitudinal size given by % with R the radius of the nucleus.

Hence for v =~ 100, the longitudinal size of the nucleus will be much smaller than the transverse one.
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(CGC) formalism that is described in Sec. 2.2. An important part in describing the
thermalization stage is played by the Boltzmann equation and transport theory.

At the end of the thermalization stage, the fireball is expected to be a system
of hot and dense partons with a high energy density. At RHIC the energy density
is estimated to be larger than 5 GeV/fm? [1, 2]. This is well above the estimated
threshold of around 1 GeV/fm? necessary to obtain the QGP stage [3] (result calcu-
lated in lattice QCD simulations). Hence at RHIC there should already be a QGP
stage. As the fireball expands further, the energy density decreases until it reaches
the critical value when the QGP transforms into a gas of hadrons, called the hadronic
phase. Both the QGP and hadronic state are well described by relativistic hydrody-
namics. As the fireball expands even further, the mean free path between hadrons
increases past the size of the system, then the hadrons become free streaming until
they eventually end up in the detector.

The search and study of QGP proves to be experimentally challenging due to
several reasons. The first is due to difficulties in describing analytically the 2nd and
3rd stages of the collision, since QCD is both non-linear and asymptotically free. The
other main challenge comes from the experimental side, since the detectors measure
only the final state of the collision and not the time evolution of the fireball. So to
detect the QGP one must try and look for signatures which are particular to QGP

only. A few such signatures are [4]:

e Suppression of high-py hadrons due to energy loss of a parton in QGP.

Changes in the properties of heavy mesons (J/¥, ¥') due to the color Debye
screening in QGP.

Enhancement of thermal photon and dileptons due to emission from deconfined

QCD plasma.

RHIC data shows evidence for the existence of a thermalized medium that can be
explained only by the presence of a QGP state [1, 2]. Due to the high background of

a HIC, the experimental data includes signals from all the stages of the HIC collision.
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This is why is very important to have theoretical models that give good predictions
for all the stages of the collision. Only then the contribution of the QGP stage can
be singled out and matched with the experimental data.

The photon spectrum can be a good probe for QGP. It has the main advantage
that photons, due to the smallness of the fine structure constant, once produced,
propagate trough the medium with only very little interaction. Hence photons are
very good probes of all the stages of HIC collision. The downside of the method
is that the detector cannot distinguish between photons created at different stages
during the collision, since it measures only the total flux of photons. Since photons
are produced in all the stages, with the exception of the last one, there is a need for

theoretical models to compute photon production in all HIC stages.

1.2 Objectives and statement of originality

In the previous section we tried to argue that HIC are very complex phenomena
that require a good understanding of every stage of the fireball in order to obtain
theoretical predictions which can be compared with experimental data. The main
goal of this thesis is to develop and asses the feasibility of computing the photon
spectrum within the CGC formalism, which is believed to give a good description of
the first instant in HIC. Such a result, together with photon production calculations
for the other stages of the collision, when compared to experimental data, can be
used to give a better understanding of HIC. The main advantage of using photons as
a probe is that they have a very small interaction probability with the medium, and
hence they travel unimpeded, giving information from all the stages of HIC.

This thesis is organized as follows. In Sec. 2 we shortly revise the basic proper-
ties of QCD and give an introduction to the CGC and McLerran-Venugopalan (MV)
models. We also present the Schwinger-Keldysh formalism which is primarily used
in finite temperature quantum field theory as well as in condensed matter physics.
These give the background material necessary for understanding this thesis. In Sec.

3 we present the classical field model developed by Krasnitz et. al. to describe the
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gluon time evolution and study quark production within this model. We discuss at
length the discretization of the Dirac equation since it presents several challenges.
We end the section with an independent check of previous numerical results for quark
pair production within the CGC formalism. Sec. 4 is dedicated to photon production
in the CGC and MV models. We start by presenting the computations for the photon
production rate, expression which we then particularize for the CGC and MV mod-
els. We end the section with numerical tests and results for the photon production
spectrum.

The work in this thesis presents several original contributions by the author:

e The development of an iterative method for solving the non-linear set of equa-

tions that give the initial condition for the gluon time evolution algorithm.

e A simplification of the expression that gives the photon production rate using

the symmetries and properties of the CGC and MV models.

e Numerical results for the photon production rate.



2

BACKGROUND MATERIAL

We start this section with a very short overview of classical Quantum Chromody-
namics (QCD), which is the theory of strong interaction. Classical QCD represents
the framework in which we obtain all the results presented in the thesis. We then
continue with the Color Glass Condensate formalism (CGC). We argue why the CGC
represents a good description for the early stages of the fireball, after which we present
some of the main features of the theory. We end this section with a short introduction
in the Schwinger-Keldysh formalism for fermions, which is used in Secs. 3.3 and 4.2
to compute quark pair production and photon production rates respectively.

In this thesis we use natural units where ¢ = h = 1. We mostly work in the light

cone coordinates which are defined as:

sl
v = (i) (2.1)

and which have associated the light cone momenta:

x_ L
pr = \/ﬁ(E + p.). (2.2)

In this coordinate system, the scalar product is given by -y = 27y~ +2 " y* —x7 - yr
where x1 denote the transverse components of the 4-vector. The energy momentum
relation reads 2pTp~ — m% = 0 where mr is the transverse mass given by m2 =

p2 +m?. Another useful variable is the momentum rapidity which is given by:

1 E+p, 1 pt V2pt
I =—-Inl— ) =1 2.
Y 2 n(E—pz) 2 n(p‘ t mr (2:3)

where the last expression can be easily shown using the dispersion relation. Addi-

tional information about the relations between different coordinate systems and the

7
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transformation rules between them can be found in Appendix A.1.

The Einstein summation convention is implied each time there are two repeating
indices. Greek letters will be used when summing over the spatial directions while
Latin letters will be used when summing over group elements in the adjoint repre-
sentation. Moreover, the letter ¢ will be used when summing over the transverse

directions. We also make use of the notations @ = 9,7* and @ = u'7°.

2.1 The Classical QCD theory

Quantum Chromodynamics (QCD) is the theory of strong interaction which describes
the interactions of quarks and gluons. QCD together with Quantum Electrodynamics
(QED), weak interaction and the much anticipated Higgs boson form the Standard
Model (SM), which is the accepted current theory that describes particle physics.
The QCD (in the larger picture of the SM) was shown to give predictions in good
agreement with the experimental data in both ete™ and proton-antiproton collisions
[5, 6]. The QCD is a SU(3) Yang-Mills theory whose degrees of freedom are quarks
and gluons. The theory is invariant under local gauge transformation of the SU(3)
group. The Lagrangian of the theory is given by:

nf

£() =~ {Gual )G (@) + S G Doy~ mg @) (24)
f=1

with the non-abelian field tensor and covariant derivative given by:

G (x) = 0" A" (z) — 0" AM(x) — g fanc AL (2) AL () (2.5)
Dly = 90,5 +ig AL (26)

where o and  run from 1 to 3 and represent indices for the fundamental representa-
tion of SU(3). A¥(zx) represents the gluonic fields in the adjoint representation and
t* are the SU(3) group generators. fu. is the structure constant and ¢ is the strong
coupling constant. W/ is the wavefunction of the quark species f with corresponding
mass my¢. To keep notation simple, in the following we will refer to only one quark

species, so we will drop the index f. Moreover we will also drop the index « from W



2.1 The Classical QCD theory 9

such that from now on ¥ will represent a vector in the fundamental representation of
SU(3).

The Lagrangian given in Eq. (2.4) is not enough to describe QCD completely; one
must also provide values for the strong coupling constant g, the number of flavors n;
and for the quark masses my. Under the current development of the SM, there is no
analytical way to predict the values of the above set of parameters, so they must be
measured experimentally. Experimental results show that there are 6 quark flavors
with masses which run widely from m,, = 3 MeV to my,, = 171 GeV [7]. The value
of the coupling constant runs with the energy scale, which will be discussed later on.

Starting from the Lagrangian in Eq. (2.4), the classical equations of motion are

given by:
(i —m)¥(z)=0 (2.7)

[D,,G¥M] = Jn (2.8)

where J# = gW(x)y*¥(z) is the source term. The above two equations are known as
the Dirac equation and the Yang-Mills equation respectively.

Since QCD is a local gauge invariant theory under the SU(3) group, it is interesting
to see how the gauge and fermion fields charge under a gauge transformation. A gauge
transformation is given by an element V(z) of the group SU(3) and is generally

represented as:
V(z) = exp(iba(z)ta) (2.9)
with arbitrary real numbers 6,(z). The fermion field transforms via:
U'(z) = V(x)¥(x). (2.10)

The gauge invariance requirement for the Lagrangian density in Eq. (2.4) requires

that the term W(x)D,¥(z) remains invariant, so we must have:

D\ (x) = V(z)D,V "\ (x). (2.11)
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Using Eq. (2.6) it is obvious that the gauge field A*(z) = A#(z)t, must gauge trans-

form via:

Al () = V(2)A,(2)V 7 (z) — ;V(:c) (0,V™1(z)) (2.12)
G (x) = V(2)G o (z)V 7 (2) (2.13)

where the gauge transformation for the field tensor was found using the gauge trans-
formation for the gauge field A,(x) and Eq. (2.5). Now it is obvious that indeed the
QCD Lagrangian is gauge invariant since both terms of Eq. (2.4) are gauge invariant
separately. The terms given in Eq. (2.4) are not the only possible combinations of
terms that are gauge invariant. In fact the term e€,,s,G* (2)G% is also gauge invari-
ant and has dimension 4. So theoretically there is no reason why this term should
be absent from the QCD Lagrangian, but experimentally (by measuring CP conser-
vation) this term was found to be absent. Additional gauge invariant terms must be
of dimension higher than 4, but such terms are problematic due to renormalizability
of the quantum QCD theory.

In this thesis we will work only within the confines of the classical QCD theory,
so we only shortly discuss the features of the quantized QCD theory. The classical
theory given in Eq. (2.4) can be quantized using path integral techniques with the
help of the Fadeev-Popov method which is discussed at length in [8]. In the quantized
theory, the Lagrangian density will have new terms in addition of those from Eq. (2.4).
These terms are due to the gauge fixing procedure and also due to the addition of
unphysical fields called “ghosts”.

An important feature of the quantized QCD theory is the asymptotic freedom
which means that the strong coupling constant g decreases with increasing energy
scale. So short range interactions between strong interacting fields (high momentum
transfer) are weak, whereas long range interactions are strong. This behavior leads to
the phenomenon of confinement. A qualitative interpretation is that by increasing the
distance between quarks, at some point it becomes energetically favorable to create
a quark-antiquark pair rather than to further increase the distance.

The strong-interaction analogue of the fine structure constant o, = ¢*/(4n) varies
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depending on the energy scale according to the following equation! [8]:

0, (Q?) = am (2.14)

(11 2n/)In ()

where () is the energy scale we consider and A is another energy scale that can be

found using experimental data. ny is the number of quark flavors with a mass smaller
than ). Experimental results yield a value of A ~ 200 MeV ([8]). This energy scale
is important since for ) = A, a, is of order 1 or higher, so we are in the strong
coupling regime of QCD. On the other hand, for ) > A, a, will be small, so one
can use perturbation theory techniques to analytically make QCD predictions. In the
following, we will denote this important energy scale by Agep.

In the classical QCD theory, the coupling constant, the quark masses and wave-
function renormalization constants are scale independent. This is the case since in
the classical theory there are no loops, as is the case for the quantum theory. So to
be able to have a good treatment of the physical phenomena at a given scale using
the classical theory, one must use the corresponding values of the above constants at

that given energy scale, values which have to be taken from the quantum theory.

2.2 The Color Glass Condensate formalism

The Color Glass Condensate (CGC) is a formalism meant to describe the initial stages

of heavy ion collisions. The name of the theory comes from the following concepts

9, 10]:
1. Color: CGC describes strong interactions of color charged particles.

2. Glass: There are two characteristics time scales. The soft particles evolve much
faster in time than the hard ones. This is similar to the behavior of glass, which

is solid on short time scales but is disordered and liquid on long time scales.

3. Condensate: At high energies, due to saturation effects, there is a wide momen-

tum range with a high density of gluons. The gluon density saturates at a small

'Eq. (2.14) is valid only to leading order in perturbation theory.
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coupling constant, which is similar to a Bose-Einstein condensate.

At high energies, QCD cannot be described perturbatively, even though the strong
coupling constant is small, due to large densities of partons. In this case, one uses
CGC as an effective theory to describe high energy scattering in QCD. One of the
main features of CGC is that it incorporates the saturation effects due to a large
density of gluons. The goal of CGC is to provide insight into outstanding concepts
of QCD in the asymptotically large energies. More precisely, it can be used to com-
pute observables as particle multiplicity or cross-section dependence on rapidity and

transverse momentum.

2.2.1 Experimental observations leading to CGC

To be able to understand the underlying concepts of CGC, we must start with some
experimental observation in high energy heavy ion collisions. The collisions consist
of two nuclei moving towards each other at a speed that is very close to the speed
of light ( 0.9995 ¢ at RHIC). Due to such high speeds, the Lorentz ~ factor will be
around 100 or higher, so the nuclei will be highly Lorentz contracted along the direc-
tion of motion. Moreover, for high center of mass energies, most of the interactions
during the collision should involve a large momentum transfer (Q) > Agep). So the
collision can be treated in the approximation of a small strong coupling constant,
according to Eq. (2.14). In such a setting, the following were observed in nuclear

physics experiments:
1. The high energy partons lose only a small fraction of the available energy.

2. The density of gluons increases with the decreasing x (fraction of longitudinal

momentum) as well as with the increasing momentum transfer Q.

The first observation can be inferred from Fig. 2.1. This shows the rapidity dis-
tribution of net-protons for different beam energies. For small energies most of the
resulting particles are clustered around mid-rapidity which suggests that the valence

partons inside the nuclei can lose a considerable fraction of their energy. But as the
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collision energy increases, an important shift takes place. Most of the resulting par-
ticles will be at rapidities close to the beam rapidity, suggesting that they lose only

a small fraction of their energy.

- A AGS
" 801 (E802,E877, E917)
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Figure 2.1: Net-proton rapidity distribution in central collisions for AGS (Au+Au at /s = 5 GeV),
SPS (Pb+Pb at /s = 17 GeV) and RHIC (Au+Au at /s = 200 GeV) [11]. Even though the beam
rapidity at RHIC is y = 5.4, the experimental setup allows for measurements only up to y < 3.

To get a more quantitative understanding, let us follow the reasoning in [9, 10].
Let us consider the beam moving in the positive z direction and with momentum
(P*,P~,0). The rapidity of the beam is ypeam, = In (%) A particle moving in
the same direction but with a smaller longitudinal momentum given by p* = zP*!

has a rapidity given by:

y=In (\ff:) = Ybeam — In (%) +1In (%) . (2.15)

with my the transverse mass of the particle. So for rapidities close to the beam

rapidity, we have x ~ 7F. One can differentiate two extreme cases, when the particle

1z is called the longitudinal momentum fraction and is defined as:

er

(E:ﬁ

with pT the particle momentum and with P the beam momentum. This definition is valid only
for a direction of motion in the positive z direction. For an opposite direction of motion, one must

use p~ and P~.
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mass m ~ M and the second when m < M. When the particle mass m is similar to
M, since x < 1, we must have x ~ 1 and pr =~ 0. When m < M we still have z ~ 1,
but in this case p% &~ M? suggesting a very large transfer of transverse momentum.
So the valence partons during the collision will lose only a very small fraction of the
longitudinal momentum and are characterized by large values of x.

On the other hand, particles moving at mid-rapidity (y ~ 0) have typical longitu-
dinal momentum fractions given by = & % This means that the more energetic the

collisions are, the smaller the values of x probed in the collision are.
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1 |||||||| 1 |||||||| ! |||||||| |'||“\-)||| 7\\\\\\‘ Ll Lol | Lo
10—4 103 102 10-1 100 10 1073 1072 107

X

Figure 2.2: Left: The ZEUS results for gluon and quarks PDFs at transverse momentum @ = 2
GeV [12]. Right: The ZEUS results for gluon PDF for different transverse momenta @ [13]. The
shaded regions represent the error range of the result.

The second important experimental observation is the behavior of the parton dis-
tribution functions (PDF)! with z and @ (the transverse momentum). At small x,
the gluons are the dominant constituents of the hadrons, as can be seen from Fig.
2.2 left graph. As the collision energy increases, the average transferred momentum
increases as well. So for higher energies, the number of gluons for a given = becomes

even larger, as can be seen from the right panel in Fig. 2.2. This is why it is believed

IPDF are defined as the probability for finding a parton inside a hadron with a given momentum
fraction z for a given transverse momentum Q2. Due to the non-perturbative nature of low energy

QCD, the only known values for PDFs are the ones inferred from experimental data.
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that at high energies one can deal only with the gluons and neglect the rest of the
partons.

The high gluon density at small x yields a very important approximation in the
CGC model. The gluonic field can be treated classically since the quantum coher-
ent states will have a large occupancy number o« 1/ags > 1 [9, 10]. In this limit,

commutations between the creation and annihilation operators can be neglected!.

Kt <<p*

a) b)

Figure 2.3: Feynman diagrams for small z gluon emission from a fast parton. a) The lowest order
(LO) emission. b) LO emission plus LO radiative correction. ¢) Gluon cascade.

Now let us analyze in more detail the reason behind the enhancement of gluon
distribution functions at small x. This leads to an important distinction between the
hard degrees of freedom (large x) and the soft ones (small z). To get the qualitative
behavior it is enough to look only at the tree diagrams, but to get the full result
one also has to include self-energy insertions and vertex corrections. Typical tree
level diagrams included in this analysis are shown in Fig. 2.3. Fig. 2.3 a) shows the
emission of a gluon with momentum k* = zP* (PT is the beam momentum) by a
parton with momentum p* = xoP*. Since we want to analyze the small 2 behavior,
we must have 1 > zy > z. Fig. 2.3 b) shows the next radiative correction to the
process from Fig. 2.3 a). This correction will have a contribution proportional to

9, 10]:

X

a, In (—0) (2.16)

X

IThe commutator between the creation and annihilation operators is of order 1 and hence much

smaller than the typical products of operators which are of order N, the number of particles.
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which is higher order in the coupling constant a,. But, due to the large value of
In (%0), even for small a; (weak coupling limit), the diagram from Fig. 2.3 b) brings
a leading order contribution to the gluon emission process. In general, any tree level

diagram as the one shown in Fig. 2.3 ¢) with the additional requirement:
pr>pl>. . >ph >kt (2.17)

will bring a contribution proportional to:

(as In (%))" (2.18)

Similarly to Eq. (2.16), the above contribution is to leading order even in the small
coupling limit. So a process that produces n gluons is as important as a process that
produces one gluon. To be able to get a consistent result to LO, one must sum the
contributions from all the tree diagrams shown in Fig. 2.3!.

The strong ordering in the momenta from Eq. (2.17) also implies a strong ordering
in the lifetimes of the emitted gluons. To see this, let us start from the Heisenberg
uncertainty principle that Azt Ak~ ~ 12, which when applied to our problem leads
to:

Agt L 2R 2Pt
B m2 m2
T T

(2.19)

where we used 2kTk~™ — m2 = 0 and that kT = zP*. This shows that the lifetime
of soft gluons is much smaller than that of hard gluons. For the general case of the

gluon cascade shown in Fig. 2.3 c), the above result is generalized to:
Az{ > Az > ...> Azt > Azt (2.20)

Since the average interaction time of the gluons is proportional to their lifetime, the

small x gluons will see the hard gluons as frozen in time. This separation of scales

LA complete calculation for the gluon distribution function yields [9, 10]:
2g(z, Q) o =412 as e

This implies that the gluon number increases continuously as x becomes smaller and smaller.
20me can refer to 21 as the light cone “time” [9, 10]. Since on the light cone p-z =p~2t +pTaz~ —

Pt - X7 it is natural to interpret p~ as the light cone “energy”.
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between soft and hard gluons is very important in the CGC formalism. It allows

treating the hard gluons as static sources of color charge.

2.2.2 Saturation momentum

Up to now we saw that the gluonic density increases very fast with small z values.
Then the logical question to ask is: does the gluon density increase indefinitely or is
there a process which regulates the increase and can even cause gluon saturation? In-
deed, gluon recombination can lead to gluon saturation. A typical Feynman diagram
of such a process can be seen in Fig. 2.4. The main absorption of gluons does not
come from interactions with quarks (since the quark density is much smaller than the
gluon one) but from interactions with other gluons. This process is not enhanced by
large logarithms (as is the case for the processes in Fig. 2.3), but if the gluon density
is large enough, it can have an important effect. This is because gluon absorption

probability is directly proportional to the gluon density.

k+

Figure 2.4: A typical Feynman diagram that is implicitly resumed in the CGC formalism. This is
an example of gluon recombination. The horizontal lines represent hard partons.

More quantitatively, the interaction probability for gluons from different parton

cascades can be estimated as [14]:

asN. y 1 2G(z,Q?)

7(Q) xn(a, Q) ~ St x (221)

where o (Q?) is the cross-section for gluons with transverse momentum Q? and n(z, Q)

is the density of gluons of a given color at transverse momentum (? and longitudinal
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momentum fraction z. 7R? is the transverse size of the nucleus while G(x, Q?) is the

gluonic PDF of the nucleus. This probability becomes large when:

s _ asNe 2G(x,Q3)
* N2—-1 =wR?

Q (2.22)

where (), is the saturation momentum, i.e. the scale for which the saturation effects
become important. For Q? > Q? the saturation effects (that give rise to non-linear
effects) can be neglected and one can use linear evolution equations. But for Q? < @?
the saturation effects are essential and are expected to tame the growth of the gluon
distribution functions which we found in the previous section.

A parametric estimation for Q) yields [14]:
Q*(x, A) ~ A2 (2.23)

with the exponents d ~ 0.3 and A ~ 0.3 [15]. Using the above parametrization it
is straightforward to see that we can obtain Q% > Agcp as long as the nucleus is
large and x small enough. In this case we are in a regime with Agcp < Q* < Q2
where even though the coupling is small, non-linear effects play a very important role.
Experimental data estimate that the saturation scale is about 1-2 GeV at RHIC and
2-3 GeV at LHC [15].

2.2.3 C(lassical CGC

CGC is the effective theory designed to cope with the separation of the soft and hard
degrees of freedom and with the saturation effects in the weak coupling limit. The

main features of the CGC formalism (summarized in the introduction of [14]) are:

1. Classical Yang-Mills theory for the soft degrees of freedom, so the time evolution

is given by Eq. (2.8). The classical fields represent the small z gluons.

2. The gauge field sources propagate nearly at the speed of light and their internal
dynamics is “frozen”. They represent the hard degrees of freedom, like valence
quarks. These sources do not participate directly in the scattering (as we saw

in the previous sections), but act as color sources for the small z gluons.
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3. The color charges are given by a random distribution. We will argue this state-

ment later on.

At saturation, the color fields are strong and thus one must solve the full non-linear
Yang-Mills equation. By doing so, one also takes into account the saturation effects.

Let us start by analyzing the properties of the source term in the Yang-Mills
equation. We have a nucleus that is moving very close to the speed of light in the 2™
direction (in 4-dimensional space-time). The current is proportional to the velocity so
the current will be given by J* = §#TpY with p! the volume density of color charge.
The hard degrees of freedom are frozen in time compared to the soft ones, thus the

charge density is independent on x™, yielding:
JE = 6" pV (27, xp). (2.24)

To simplify calculations even more, one can take the limit when the nucleus moves
with the speed of light. Then, due to the Lorentz contraction, the color charge
density can be taken only as a function of the transverse coordinate, such that we

finally obtain:
JH = 0" (7)) pa(xT) (2.25)

where p,(xT) denotes the transverse surface color charge density. The justification
for such a form is based on the Heisenberg principle. The color charge sources, the
hard partons, have a high p* and hence due to the uncertainty principle, they are
well localized on the x~ direction. On the other hand, the soft partons have small x
and hence much smaller k7. So they are much more spread along the z~ direction,
effectively seeing the color sources as delta functions on the = direction.

Let us denote with Wp] the weight function which characterizes the random dis-

tribution of color charges. The weight function must have the property:

/Dp Wip =1 (2.26)

where Dp means a sum over all possible charge configurations. The weight function

W p] depends on the dynamics of the large = partons and hence is an external input
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to the CGC model. Physical observables are obtained by averaging the solution of the
Yang-Mills equation over different charge configurations. Quantitatively, the physical

observable O is given by:

(0) = / Dp WIpOl) (2.27)

where O[p] denotes the value of O computed using a given distribution of charge
density p.

The only piece still missing is the weight function Wp]. A complete treatment
for computing Wp|] must also include the dependence of the weight function on the
scale = of the soft partons. To see why this is the case, just imagine that as we probe
smaller x values, there will be more and more high x values that become “frozen”
because of reducing the x of soft gluons. Such effects can be included and will give
rise to a renormalization group equation for W[p]. This is known as Jalilian-Iancu-
McLerran-Weigert-Leonidov-Kovner (JIMWLK) evolution equation. Such a complex
treatment is beyond the scope of this thesis, so we restrict to a simpler model for
obtaining the weight function.

The weight function W |p] can be obtained using the McLerran-Venugopalan (MV)
model in the limit of very large nuclei (A > 1) [16, 17, 18]. Let us start by looking
at a soft parton with transverse momentum kr. If kv < Agep than the parton is
confined within a hadron inside the nucleus. If kr > Agep than the parton has a

transverse size dxp ~ é (simply due to the uncertainty principle). At the same time,

its size along the longitudinal direction is given by Az~ ~ k% = Mﬁ -~ % with
A X~ the longitudinal size of a nucleus. Hence this small x parton has a much larger
longitudinal size than a nucleus. This means that along the longitudinal direction,
the parton will feel the average charge from many nuclei which are in the tube of

transverse area (dzr)?. So the parton interacts simultaneously, on average, with

Nyatence valence partons. The number of valence partons can simply be computed as:

N.A
Nyalence = n(éxT)2 = @(51’T)2 (228)
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where n is the density of valence partons in the transverse plane. If we take the
nucleus uniform in the transverse plane, than n is just the total number of valence
partons in the nucleus divided by the transverse area. Since Ry A%, Eq. (2.28)
reduces to Nygience X A3. This means that as the nucleus size increases, the soft
partons will feel the interaction with more and more hard partons. Since the partons
belong to different hadrons, they are uncorrelated due to confinement. Moreover,
due to the large number of valence partons, one can treat them as classical sources.
Adding up all this, we obtain that the weight function can be approximated with
a Gaussian probability distribution. This can be argued by using the central limit
theorem in the limit of a very large nucleus. So, within the MV model, one obtains

a Gaussian weight:

Wip] =Ne - d*xrp*(x 2.29

o] XPp ( S / T/ (XT) (2.29)
where /2 is the density of charge squared fluctuations per unit area divided by ¢g* and
N is a normalization constant. The parameter ;% can be determined from elementary

calculations. The averaged color charge square of a quark is (Q?) = §g2, combining

with the transverse density of valence quarks gives [16]:

4 3A

227 11 A5 fm 2 2.
3T 5 fm (2.30)

o =

where the last equation was computed using that R4 ~ 1.1 As fm. Now, starting

with Eq. (2.29), we can evaluate the color charge correlation function to be:

(0" (x1)p"(y1)) = g*1?0% (x1 — yr). (2.31)
The MV model is based on heuristic arguments and is not derived from first prin-
ciples of QCD. It is however a solution of the JIMWLK equation in the mean field

approximation, so it can be used to get the hard parton color charge density for the

CGC model.

2.3 The Schwinger-Keldysh formalism

The Schwinger-Keldysh formalism was developed in the 1960’s in the context of many-

body quantum field theory in/out-of equilibrium [19, 20]. It is used primarily in finite
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temperature quantum field theory as well as in condensed matter physics.

The standard formalism for zero-temperature (in equilibrium) quantum theories
involves the adiabatic switch “on” and “off” of the interactions in the distant past
and future respectively. The system starts at ¢ — —oo in the state |0;,) of the non-
interacting system, then the interactions are turned on and off, such that at ¢t — +oo
the system is in the state |0oy). The crucial assumption is that |0yy) is unique and
independent on the details of the interactions that are switched on and off. So the
final state at t — +o00 is |0;,) up to a phase factor.

This is not the case for out-of equilibrium processes. Starting from some arbitrary
non-equilibrium state, and then switching the interactions on and off leads to a new
state which clearly depends on the details of the interaction. Thus the entire reasoning
sketched in the previous paragraph fails for out-of equilibrium theories. Schwinger’s
suggestion is to take the final state the same as the initial one, but to let the quantum
system evolve first in the forward time direction and then again to evolve the system
back in time [21]. This time evolution is sketched in Fig. 2.5 by the contour C.
Following the time path C, it does not matter what the final state of the system is,

since the system returns back to the initial state.

Im

v -

Figure 2.5: The closed time path used in the SK formalism.

But the SK approach has a price, a doubling of the degrees of freedom. At every
moment in time one needs to specify a field residing on the upper branch (denoted
by +) as well as on the lower branch (denoted by —) of path C. The main difference

between a zero field theory and the SK formalism is that in the latter each time we
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compute field correlations we need to order the fields in time according to path C.
We will do so by inserting the path-order operator P which forces the fields to be
ordered with decreasing time, from left to right.

Due to the doubling of the degrees of freedom, there are two types of fields, the
+ and the — ones. These give rise to two types of vertices, denoted by + and —,
who have a — sign difference between the contributions they bring. When considering

internal vertices, one must sum over both the 4+ and — vertices.

2.3.1 SK formalism for fermions

In the following we follow the approach in [22], which even though is presented for a
scalar field, can be easily generalized for fermion fields. We will need this formalism
when computing the photon production rate in Sec. 4.

According to Wick’s theorem, any n point correlation function can be expressed
only in terms of 2 point functions. In the SK formalism there are 4 such 2 point

functions which for fermions are given by:
Deyey(@,y) = (0| Pe ¥ (2) ¥ (y)|0in) (2.32)

where with e; 5 we denote the two types of fields, the + and — ones. These are known
as the full propagators. The free quark propagators are defined as in Eq. (2.32) but
using the “in” fields. We get:

DS (,y) = (O] Pe Ui (1) Uik (2)[0m) = (Oin|TWin(y) Win(2)[0m)  (2.33)
D2 _(2,y) = (Oin| Pe Wi (1) Ui (2)[0m) = (O] TWin (y) Uin ()| O05n) (2.34)
DY _(2,) = (O] Pe Wi (1) Uik (2)[0i) = = (0| in (y) Win ()| Oin) (2.35)
D2 (2,y) = (Oin| Pe Wi (1) Ui (2)[0m) = (Oin| Win(y) ¥in(2)[0in) (2.36)

where T and T denote the time and anti-time ordering. In momentum space the
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above propagators are given by:

DY) =i (2.37)
D°_(p) = —i}% (2.38)
DY _(p) = 6(=po)(#+ m) 2m6(p* — m?) (2-39)
DY, (p) = 0(po) (¥ + m) 2m6(p* — m?) (2.40)

Using the above definition it is easy to see that not all the 4 propagators are inde-

pendent, but in fact they are related via:
0 0 0 0
D, +D._=D,_ +DZ,. (2.41)
In the following it is useful to write the above propagators in matrix form via:

DY, DY Y DI
Di= """ T andyn =TT 7T (2.42)
D, D°_ Yo, Y.
where ¥ is the self-energy matrix (each element of it denotes the self-energy between

those two type of vertices). Now we are ready to write the full propagator as:
D(x,y) = D°(z,y) — i/d4zd4z'D0(x, 2)X(z,2)D(2,y) (2.43)

which is known as the Lippmann-Schwinger integral equation. This equation can be
solved to find the full propagators. The easiest way to solve the Lippmann-Schwinger
equation is to do a change of basis for the propagators. A clever change of basis, which
uses Eq. (2.41) to get rid of one of the propagators, is called the Advanced-Retarded
(RA) basis. The change of basis is given by the matrix:

U:ﬁ o (2.44)

such that the new propagator matrix becomes:

D%, = (2.45)
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where DY, D% and DY are the free advanced, retarded and symmetric propagators.

They are given by [23]:

Dg(l’, y) = 9($0 - y0)<oin|{\pin(x)> \I]in(y)}|oin> (246)
D%(:L’, y) = —9(y0 - x0)<oin|{q]in(z)a \Ilin(y)}|0in> (247)
Dg(@,y) = (0| [Pin(@), in(y)]|Opn)- (2.48)

And in momentum space their expressions are given by:

p+m

Di(p) = s - (2.49)
Dy (p) = i _ﬂmi T%E (2.50)
Dg(p) = ($+m) 2m8(p® — m?) (2.51)

Now, in the RA basis, Eq. (2.43) is particularly simple to solve due to the simplified
expression for the D%, matrix. Using iterative insertion of the Lippmann-Schwinger

equation within itself, we obtain [22]:

D_i(z,y) =/d4zd42'[DR(D%)_1](% 2) D2y (2,2) [(DR) ' DaAl(<y) (2.52)

Dy (x,y) =/d42d42'[DR(D%)_1](% 2) DY _(2,2) [(DR) ' DaAl(<,y) (2.53)

where:

[Dr(DY)Y)(x, 2) = Dp(w, ) (i §. — m) (2.54)

(DY) Dal(z',y) = (i § . —m)Da(,y) (2.55)

with D4 and Dpg the full advanced and retarded propagators. The free propagators
D°_ (z,2') and DY_(z,2') can be simply obtained from Eq. (2.39) and Eq. (2.40) by
taking the inverse Fourier transform. We will use these expressions when computing

the photon production rate in Sec. 4.
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(GLUON AND QUARK PRODUCTION

In this section we will shortly revise the theoretical framework as well as the numerical
details for the gauge field evolution and solutions of the Dirac equation within the
CGC and MV models [24, 25, 26]. This is necessary since photon production is a
complex process that involves many steps. In the initial stages of heavy ion collision
photons are emitted only by quarks. So to compute photon production one needs to
know the quarks wavefunction inside the fireball resulted from the collision. On the
other hand, to compute the Dirac field associated to soft quarks one needs to know
the gauge field associated with small x gluons. Hence the first step is to start from
a calculation of the gluonic field within the CGC formalism. The theoretical and
numerical background of such a calculation were developed in [24, 25]. The next step
is the computation of the quarks wavefunction, based on the model and algorithm
described in [26]. And finally, the quark wavefunction can be used to compute the
quark propagators and hence photon production.

We start in Sec. 3.1 with a short revision of the formalism developed in [24, 25]
to compute the gauge field. This computation is done within the framework of the
classical field theory due to the high number of gluons present at small . We present
the most important details from [24, 25] for both the continuum and the lattice
theories. The gluon field calculation is simplified by the boost invariance of the gauge
fields. The initial condition for the gauge fields on the lattice involves the solution of
a non-linear set of equations. We developed an iterative method for solving the set
of non-linear equations, method that we present in Sec. 3.2.

In Sec. 3.3 we describe the necessary steps to compute the quark wavefunction in

26
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the gluonic background field described in the previous paragraph. We closely follow
the derivation from [26]. This task is computationally intensive both because the
Dirac field has to be considered for the full 3 dimensional lattice and since the Dirac
equation has to be discretized implicitly due to explicit dependence of the equation
on time and spatial coordinates. We deal with these problems in Sec. 3.4.

We end with Sec. 3.5 that presents the numerical results for both gluon and
quark pair production within the CGC and MV formalisms. We use the results for
both testing the numerical code and to give an independent verification of the results

already published in [26, 27, 28, 29, 30, 31].

3.1 Gluon production in CGC

3.1.1 Continuum Model

The theoretical formalism for describing the gauge field created in the collision of two
high energy nuclei within the CGC theory was developed in [24, 25]. Ref. [32] and
(27, 28, 33] computed gluon production and other gauge observable for SU(2) and
SU(3) respectively.

(1)

A, = pure gauge 1

z

—_

A, = pure gauge 2

Figure 3.1: The light cone coordinate representation of two colliding nuclei in the limit of moving
at the speed of light. Left: The background gauge fields in the CGC formalism. Right: The two
possible way for a Dirac field to propagate from ¢t — —oo to 7 = 0.

The current produced by the two colliding nuclei is given by:

JH = "6 (a7 ) pay (x) + 676 (2T) pr2y (x1) (3.1)
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where we denoted with p(1),2) the static charge densities for the two nuclei; with
nucleus 1 moving along the z direction and with nucleus 2 moving in opposite
direction (see Fig. 3.1). The above current is just the sum of the two individual
currents of each nuclei that are given within the CGC and MV models (see Sec. 2.2
for additional details). The charge current from Eq. (3.1) gives rise to pure gauge
fields in the regions denoted with (1) and (2) in the left panel of Fig. 3.1. The

transverse fields are given by [34, 35]:

Ay (x1) = EelA(m)(xT)aiG_ZA(m)(xT), with (3.2)

Vrlm)(XT) = —9p(m) (XT) (3.3)

where m = 1,2 denotes the two nuclei (and also regions (1) and (2) in Fig. 3.1) and
1 = 1,2 denotes the two transverse directions. The rest of the field components, i.e.
A% are 0.

Egs. (3.1) - (3.3) are valid only in the light cone (LC) gauge of each nucleus!
[34, 35]. For 7 = 0, the LC gauges for the two nuclei are the same and also coincide
with the temporal gauge A, = (ATz~+A"2")/7 = 0. In the following we work within
the temporal gauge which has the advantage of allowing the use of a Hamiltonian
formalism.

To find the initial conditions for the field inside region (3) of the left panel in Fig.
3.1 one must require that the fields of different regions match smoothly on the light
cone. By doing so, one obtains [34, 35]:

Algy(x1)]r=0 = Ay (x1) + Afg) (x1) (3.4)
0 ¢ i
Ay (x7)lr=0 = T [Af (x), Al (x1)]- (3.5)

The above initial conditions are boost invariant, therefore it is natural to assume

that the field inside region (3) of the left panel in Fig. 3.1 is also boost invariant?®.

ILC gauge is given by AT = 0 (respectively A~ = 0) for the nucleus moving in the z* direction

(respectively z— direction).
2Ref. [34] has shown that the boost invariance of the pure gauge fields Azl).(z) makes the equations

of motion boost invariant.
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This means that one must not perform rapidity dependent gauge transformation.
This requirement reduces the A, field component to a adjoint scalar field that we will
denote with ¢.

In the A, = 0 gauge the Hamiltonian density is given by [25]:
1 . . 7 5 1
with ¢ = 1,2 denoting the transverse direction and with the momenta given by:

E'= 710, A" (3.7)

1
™= 0.0, (3.8)

Starting from Eq. (3.6), the equations of motion can be found by taking the Poisson
brackets between the fields and the Hamiltonian such that for any quantity x we have

&t ={H,z}.

3.1.2 Lattice description

Using the Kogut-Susskind procedure described in [36], and following the steps detailed
in [25], the continuum Hamiltonian density reduces to the following version for the

lattice case:

2 i 2Nt 1 1 -
H, = 97 TrE'E" + e (1 N Re TrUl,g) + 7 Trr? + - ; Tr(¢ — ¢)?

where E' and 7 are the canonical momenta defined via:

;o uT .
Ei = 7 Tr(t,U;U)) (3.9)
1.
™=—¢ (3.10)

and represent the transverse and respectively the longitudinal electric fields. The
notation U; denotes a derivative with respect to proper time 7. U; are the link

matrices on the lattice which are defined as:

U, (z) = e9e4n(@) (3.11)
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where a is the lattice constant!. With U; ; we denoted the plaquette in the transverse

plane which is given by:
Ui j(xr) = Ui(xr)U;(x + ) U] (x + ;) U] (x1) (3.12)

where e, is the unit vector along the p direction times the lattice spacing in that
direction (xr + e, gives the coordinates of the next neighbor in the 4 direction for

the lattice point x1). We also defined the parallel transport field qg as:
¢; = Us(xq)d(x7 + &) U] (x1) (3.13)

with no implicit sum over the index 1.

The link matrix gauge transforms like:
UZ‘(XT) — V(XT)UZ'(XT)VT(XT + ei) (314)
while the longitudinal gauge field transforms via:

¢(xr) — V(xr)(xr)V' (x) (3.15)

with the gauge transformation V(z) an SU(N,) group element. Using the above
equations it is easily seen that the lattice Hamiltonian density is gauge invariant.
Using the Poisson brackets relations, it can be easily shown that the equations of

motion are given by [25]:

. ig2 - )
U; = TEZUi (no sum over 1) (3.16)

b=rm (3.17)
. T v~

- 2—92 (ULQ + Ul,_g - hC) — trace + ;[¢1, ¢] (318)
E2 = ;—;2 (UQJ + U27_1 — hC) — trace + %[(52, ¢] (319)

= % Z (<f~>z + ¢ — 2¢) (3.20)

i

'Even though U, (z) is defined at z, it is an object which “lives” at x + %eu. The link matrices are
used to transport fields from one lattice point to another, such that quantities at different lattice
points can be evaluated independent of gauge. A few examples are the gz~5 field defined in Eq. (3.13)

or the covariant derivative given in Eq. (3.60).



3.1 Gluon production in CGC 31

where with “h.c.” we denoted the Hermitian conjugate of the expression within the
brackets. The “-trace” term means subtracting the part proportional to the unit
matrix since E' =Y Elt,.

The last step for the lattice theory is to find the initial conditions at 7 = 0 for the
fields in region (3) of the left panel in Fig. 3.1. These initial conditions are given by
[25]:

Tr [ta (U}” + U}”) (1 + Uj(?’)) - h.cl —0 (3.21)
which gives the link matrices Ui(g) in region (3) at 7 = 0 and:

m(x) = Z 4_—; [(Ui(g) (x1) — 1) <UZ.T(2) (x1) — U;f(l)(xT)) —h.c.

)

+ (U9 —e) = 1) (U (xn — ) = U (xa — ) ) —hc| (322)

K3 3

which gives the initial condition for the longitudinal electric field. The subscript
i denotes the two transverse directions while the superscript () (with j = 1,2, 3)
denotes the link matrices corresponding to region (j) in the left panel of Fig. 3.1.

The gauge fields of the two nuclei are given by:

U () = ¥ (x2) =i 1421 (3.23)

)

with VAA(n) = —gpum) for m = 1,2 and p() the color charge density of the two
nuclei.

The initial conditions on the lattice pose a problem due to the non-linear set of
equations given in Eq. (3.21). The non-linear requirement arises since UZ-(?’) must be
an element of the SU(3) group. We propose an iterative method for solving such a
system of equations, method which is presented in details in Sec. 3.2. Our method is
much faster than typical simulated annealing methods that were used until now.

Now it is straightforward to discretize Eqs. (3.16)-(3.20) for example using the
leapfrog algorithm!. This algorithm is especially useful in Hamiltonian time evolution
since it makes the algorithm time reversal invariant and also second order accurate

in time.

In the leapfrog algorithm the momenta and coordinates are known at different time steps. So if the

coordinates are know at 7 and 7 + a,, than the momenta are known at 7 — a,/2 and 7 + a. /2.
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3.2 Solving the initial condition for the gluonic field

The initial condition for the numerical simulation of the SU(N) gluonic field involves
solving Eq. (3.21). For the SU(2) case, this equation can be solved analytically [25].
But for a larger number of colors (N > 3), solving the non-linear! system of equations
can be a challenging and time intensive task. In this section we present an iterative
method developed by us to solve Eq. (3.21). We restrict our analysis to the particular
case of SU(3), but the algorithm for solving Eq. (3.21) can be applied to any SU(N)
group.

Solving Eq. (3.21) for the SU(3) case cannot be done analytically since it involves
a set of nonlinear equations, so an iterative method must be used. In the following,
for simplicity of notation, we drop from Eq. (3.21) the subscript ¢ which denotes the
transverse direction. The first step of the algorithm it involves to take a good initial

guess for the link matrix U®). We take as initial guess:
U® =pygWOy®, (3.24)

which is the solution of Eq. (3.21) for the abelian case. Inserting the guess in Eq. (3.21)

results in:
Re Tr[t, (UM +U@)(1+ U] = f, (3.25)

where f, is a set of real numbers. Since U® is an element of SU(3), the solution of

Eq. (3.21) is given by:
UB) = ¢iratar?) (3.26)

new

where U O(l?’cg is the guess which satisfies Eq. (3.25). Using only the first two terms in
the Taylor expansion of the exponential in Eq. (3.26) and imposing the condition that
U, satisfies Eq. (3.21), we obtain:

zp Im Tr [yt (UM + U<2>)Uj§§’>] — 1. (3.27)

'The non-linearity of Eq. (3.21) arises from the requirement that the link matrix U®) are elements

of the SU(N) group.
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This linear system of equations can be easily solved for x;, which means that we can
find U, Since U, is an element of SU (3), to compute it from U, S’d) we must use

Eq. (3.26) without any approximations for the exponential. Hence now we have:

new a

Re Tr[t*(UM +U@)(1+USE)H] = f.. (3.28)

A simpler expression for f/ can be found using the Taylor expansion for the exponen-

tial in Eq. (3.26). The first non-zero term reads:

1
= —5TbTe Re T [tytot,(UY + U(z))UTl(j)] : (3:29)

[

Close to the continuum limit, the Wilson lines can be approximated to unit matri-
ces. So in the continuum limit Eq. (3.27) reduces to x, = —f, and hence Eq. (3.29)

can be simplified to read:

fc/u = _ifbfcdabc- (330)

If the initial guess was a good one, than f, should be small, in which case |f!| < |fa.].
So by iterating the above process, one can get a converging algorithm for finding
the solution of Eq. (3.21). Even though Eq. (3.30) was obtained in the continuum
limit, it can be used to draw more general conclusions. We expect f! to be roughly
proportional to f;,f. also in the general case, even though the exact dependence will
be more complicated. This means that for good initial guesses (small f,) we expect
that |f!| < |f.|] and hence the algorithm described above will converge.

We tested the above algorithm as well as an improved version of it for different
lattice sizes as well as for different values of the color charge density u!. The improved
version of the algorithm is especially efficient away from the continuum limit when
the initial guess given by Eq. (3.24) is not a very good one. The improved method
supposes that by solving Eq. (3.27) we get the right direction in which to move in

'Both the transverse lattice size N? and the parameter u characterize how close the lattice fields
are to the continuum limit. For the same value of i, a larger transverse lattice means closer to the
continuum limit. On the other hand, for the same lattice size, bigger p means further away from

the continuum limit.
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order to get f, closer to zero, but that the size of the move is not the correct one.
Hence we take the solutions of Eq. (3.27) and before inserting them into Eq. (3.26),
we multiply them by a constant factor o such that the new value for the Wilson line

is given by:

UQR) = ¢lozatay®) (3.31)

new [e]

When the new value of the Wilson line is close to the desired solution (i.e. small f,)
than we take o = 1, which results in the initial algorithm.

Since we cannot be certain that our algorithm will always converge, we supple-
mented the above method with a simulated annealing method (SAM) for finding a
better initial guess for U®). We call the SAM when we do not get convergence after
a certain number of steps using the above algorithm (this number of steps is small,

of the order 10-50').

uw=0.5GeV =2 GeV
N? | SAM* (%) calls’ time* (us) | SAM* (%) calls time* (us)
322 7T+1 7.34+0.3 5.9 19+1 10.7 £ 0.2 13.2
642 | 0.04 £0.02 | 4.26 +0.04 1.3 157+ 0.6 | 10.0£0.1 10.7
1282 0 3.43 £0.02 0.73 8.44+04 | 7.83£0.09 6.7
2562 0 3.00 £0.01 0.64 0.20£0.03 | 4.32 4+ 0.02 1.5

Table 3.1: The results of using the basic method (not the improved one) in iteratively solving
Eq. (3.21) for different values of p1 (g = 2). * The average number of times the simulated annealing
method (SAM) was called for each lattice point. T The average number of iterations of the basic
method for each lattice point. ¥ The average computational time for each lattice point. (All the
errors are systematic errors from simulations over 20 different random configurations of initial charge
density.)

Table 3.1 shows that the basic method described above (the one with the a = 1)
gives a convergent algorithm for most of the lattice points. In the continuum limit

(small p and large N?) the algorithm is converging very fast, on average needing only

'We use several criteria for deciding if convergence will be reached depending how big Youlfal is
during a given iteration. These criteria have no impact on the convergence speed but only on the

computational time.
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3 iterations to get to Y, |fa| < 1073 (which is the numerical test when we consider
that Eq. (3.21) is satisfied). But the further away the Wilson lines are from the
continuum expressions, the higher is the number of cases in which the method does
not converge. This was expected since there is no reason why the analysis presented

in this section will hold for any distribution of the gluonic field.

=2 GeV uw=>5GeV nw =20 GeV
N% | SAM* (%) | time! (us) | SAM* (%) | time' (us) | SAM* (%) | time' (us)
322 1.6+04 2.8 25£04 3.4 24+£04 3.4
64> 1.3+0.1 2.5 22+£0.3 3.2 2.1+£0.2 3.2
1282 | 0.84 4 0.05 2.0 2.07+0.08 3.2 20+0.1 3.2

Table 3.2: The results of using the improved method in iteratively solving Eq. (3.21) for different
values of p (g9 = 2). The results presented here are obtained for & = 0.5. On average, there are 10
calls of the iterative method for each lattice point. * The average number of times the simulated
annealing method (SAM) was called for each lattice point. T The average computational time for
each lattice point. (All the errors are systematic errors from simulations over 20 different random
configurations of initial charge density.)

We also studied the convergence speed of the improved algorithm for different
values of the o parameter. We found that as a decreases the number of times the
SAM is called also decreases, which decreases very much the computational time. But
the downside of a small « is an increase in the number of iterations of the method,
which can also have the effect of an increased computational time. The smallest
computational time is obtained for « in the range 0.4 to 0.6

As can be seen from Table 3.2, the improved method does not totally cancel the
need to use the SAM, but it does reduce significantly the number of times the SAM
is called. This decreases the computational time by almost an order of magnitude,
depending on the lattice size and the value of u. Moreover, as the Wilson lines are

even further apart from their continuum limit, the improved method behaves as well,

!The difference in computational time between two values of « in the interval 0.4 to 0.6 are at most
5%. As the Wilson lines go further away from their continuum limit, the value of « corresponding
to the fastest convergence slightly decreases (but still remains in the interval 0.4 to 0.6 and any

differences in computational time still remain small).
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as it can be seen for =5 GeV and p = 20 GeV. The computational times given in
Tables 3.1 and 3.2 can be decreased even further by at least a factor of 21.
The iterative method described in this section can be summarize in the following

steps:
1. Start with the initial guess U® = UWy®,
2. Solve the linear system from Eq. (3.27).

3. Use Eq. (3.31) to update the new value of U®) with a = 0.5 if 3 |fa| > 0.5 2

or with o = 1 otherwise.

4. Check to see if Eq. (3.21) is satisfied, if not continue from step 2. If steps 2 to
3 were already executed several times (around 20 to 40) and Eq. (3.21) is not

satisfied, switch to the SAM.

5. In SAM take the temperature proportional to ), | f,| and lower it until > |f,| <

0.5 3, such that for each temperature there are enough steps to achieve a good

L After these tests were performed, the computational time of the iterative method was decreased by
a factor of 2. This results in a halving of the times in Table 3.1 for x = 0.5 GeV and around a 1.5
times decrease for the times in Table 3.2. Even smaller computational times can be achieved by
loose of flexibility in the code (like hard coding for a specific form of the ¢, matrices), but this was
not implemented since this part of the numerical simulation takes much less than 1% of the typical

running time for the gauge field evolution code.
*We choose ", |fa| = 0.5 as the boundary when changing between o = 0.5 and a = 1 since it

optimizes the computational time. Smaller values for > |f,| will decrease the number of calls to
SAM, but will also increase the overall number of iterative steps for each lattice point. Since there

are only a small percentage of calls to SAM, the overall computational time will increase for a smaller

value of Y° | fal-
3Here again we choose the stop condition as Y, |f.| = 0.5 since tests showed that for most of the

lattice points this is enough to assure convergence of the iterative method. For most of the lattice
points where the code calls the SAM method, it calls it just once; only very rarely it is called more
than once for a lattice point. In our numerical implementation, this section of the code was written
and tested before implementing the improved method (with o < 1), so probably there is even more

room for improvement by increasing the value of >, | fal.
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sweep (around 200-300 points are more than enough, but also depends on how

fast the temperature is lowered). When ) |f,| < 0.5 switch to step 2.

3.3 Quark pair production

In this section we describe the formalism presented in [26]. The numerical formalism
was tested in [26] for the case of only one spatial dimension and then the results
were extended to the full three dimensional space in [29, 30, 31]. Compared to gluon
calculations, the time evolution of the Dirac wavefunction is more complicated because
the quark wavefunction depends on three spatial dimensions and also because the

Dirac equation has to be discretized using an implicitly scheme.

3.3.1 (eneral formulation

The average number of quark pairs produced in the collision of two nuclei can be

expressed as [23]:

(1ga) :/(Qﬂiiyngmm blut(p>bout(p) Oin) (3.32)
- / (2;1)32@ (zﬂd)ngq [@(p)Tr(p, —a)o(q)|” (3.33)

where Tr(p, —q) is the amputated retarded propagator of a quark in an external field
with incoming momentum —¢q and outgoing momentum p. E, , represents the energy
associated to an on shell particle with 3-momentum p and q respectively. u(p) and
v(q) are Dirac spinors for the plane wave solution of the free Dirac equation. In [26]

was shown that one can use the following identity:

u(p)Tr(p, —q)v(q) = lim dgxei(E”t_p'xﬂ(p)VO\Ifq(t,x) (3.34)

t——+o0
where W, (¢,x) represents the solution of the Dirac equation with initial condition

given by:

lim W, (t,x) = ev(q) (3.35)

t——o00
which is just the plane wave solution for a free antiquark. Eq. (3.34) can be trivially

modified to describe the multiplicity for a given time t by removing the limit ¢t — 400
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and evaluating Eq. (3.34) at a fixed time ¢. This would give a time dependent number
of pairs’. Since in heavy ion collision the important time parameter is the proper time,

one can write Eq. (3.34) using space-time rapidity and proper time coordinates as:

u(p)Tr(p; —q)v(q)|- =7 / d*xpdn e~ PTXT T MU G ()T (7,7, 1) (3.36)

where y is the rapidity of the final state quark and n = %ln (f_’—z) is the space-time
rapidity. Eq. (3.36) holds since the limit ¢ — oo is the same as the limit 7 — oo,
since t = 7 cosh(n). This is true for all values of n with the exception of n — +oo.
But the contribution to the integral in Eq. (3.36) from large 1 is 0 due to the very
fast oscillation of the exponential which depends on cosh(y — 7).

Eq. (3.36) tells us that to find the number of produced quarks at proper time 7
one must start with the free antiquark at infinite past. After evolving the antiquark
wavefunction to 7, one must take the superposition of the antiquark wavefunction
with that of a free quark. This gives the number of produced quarks at a given
momentum, but since quarks are produced only in quark-antiquark pairs, it also
gives the number of produced pairs. Eq. (3.33) tells us that to get the total number
of quark pairs produced in the collision, one must sum over all the possible momenta
of the final quark and that of the incoming antiquark.

Now the next logical step is to compute ¥, (7,7, xt). This can be done analytically
up to 7 = 0 since the gluonic fields within the CGC approach are known analytically
up to T = 026, 37]. For 7 > 0, the Dirac field must be computed numerically since the
gauge fields are also evolved in time using a numerical algorithm. The computation
of the initial condition for the Dirac field (i.e. ¥ (7 = 0,7, %)) was done in [26, 37].
In [37] ¥, (7,n,xT) given by Eq. (3.35) was computed for the Abelian case in both
the covariant gauge and in the light-cone gauge. In the Abelian case, the gauge and

Dirac fields can be computed analytically for all times. In [26] ¥ (7 = 0,7,xT) is

again computed analytically within the light-cone gauge (and Coulomb gauge? for

Tt merits further study if one can simply remove the t — +oo limit from Eq. (3.34) and still keep

the form of the equation intact [31].
2The Coulomb gauge for the transverse direction is given by 9;4;(xt) = 0 with i = 1, 2.
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the transverse direction) for the Abelian case and than generalized for the SU(N)
case. The main difference between Abelian and the non-Abelian theories is that in
the former the gauge fields and Wilson lines commute, so multiplication order is not
important. But for the non-Abelian theories the ordering of the fields is important,
since matrix multiplication is noncomutative. The Abelian result was generalized to
the non-Abelian theory by writing it in a compact form that contains only products
of identical Wilson lines which automatically commute.

The computation of the initial condition for the quark wavefunction can be done us-
ing the retarded quark propagator in the field of the two nuclei (propagator which can
be found in [23]) or using some clever guesses for the general form of the quark wave-
function (as was done in [37]). The calculation consists of propagating the fermion
on each of the two paths shown in the right panel of Fig. 3.1, after which both con-
tributions must be summed. The only nontrivial calculations are at crossing the light
cone axes. One must pay attention to the discontinuities in the Dirac wavefunction
that arise due to discontinuities in the gauge fields when crossing the light cone. For
example, on the z~ axis the gauge field A_ = 0 but A, will have a 6(x~) disconti-
nuity. Since the Dirac equation in LC coordinates will have terms of the form d_~*

L at 27 = 0, v"¥ is continuous while v~V is not?. Using that 4y*PT =0,

and 0.y~
the continuity requirement for v*W¥ reduces to a continuity requirement for PTW.
Similarly, for the z* = 0 axis we must have that P~V is continuous.

Another challenge with finding the V¥, (7 = 0,7, xr) is that for 7 = 0 there is no
dimensionful longitudinal variable. Normally, for 7 # 0 one uses 7e*"7, but for 7 = 0
this does not work. To overcome this problem, and to have a symmetric treatment in
2, one takes the longitudinal variable as z. By performing the calculations described

above, after rather a few mathematically involved steps, we find that the wavefunction

!The LC coordinate Dirac matrices are defined as 4+ = %(70 +73). With P = 1(1 £+%%) we
denote two projection operators. See Appendix A.2 for properties of the projection operators as well

as for additional details about the LC coordinates.
2If yT¥ would be discontinuous, than the term d_~y+W gives a delta function. Since there is no

discontinuity in A_ to compensate for the delta function, such a discontinuity in v* ¥ is forbidden.
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at 7 =0 is [26]:

d’k
\II(T = O,Z,XT) - / (27_(_)’12‘
Wiy ge¥ (2] — Z))

e i
X {P w_qU(l) (XT)U(l) (kT> exp (Z qu

; 1 w2, eYa(|z] — 2
+P i - D — m|Upy (x0) U (k) —— [eXp ( brae (12 >)_1]

k+q 2wq
e—Ya wi, e7va(|z| + 2)
_ 1 - k+q
+F Wq Ve (XT)U@)(kT) P (Z 2wy )
» 1 Wi e (2] + 2)

+P ™ liye - D — m]Upy (XT)U(TZ)(kT) 5 {exp <Z k+q - ) - 1]

k+q Wy
x e ikrtar)xr 0 [y (kp + qr) — m]v(q) (3.37)

where U 2)(x1) and U(Tl)@) (kt) are the Wilson lines of the two nuclei and respec-

tively their Fourier transforms defined as:
Ul (o) = / Pxp =TT () (3.38)

with j = 1,2. D are the transverse covariant derivatives while w? = (kr + qr)*+
m?, with m the mass of the initial antiquark. The above result was obtained for
QED, but because it contains only products of the same kind of Wilson lines, it also
holds for QCD [26].

Using that for 7 = 0 2% = %(M + 2), we can immediately see that lines 2 and 3
of Eq. (3.37) depend only on 2~ while lines 4 and 5 depend only on z*. This suggests
that lines 2 and 3 resulted from the propagation of the antiquark trough the field of
the colliding nuclei on the left path shown in the right panel in Fig. 3.1, while lines 4
and 5 resulted due to the antiquark propagation on the right path shown in the right
panel in Fig. 3.1. The resulting wavefunction is the sum of the two contributions.

If the initial wavefunction would be that of a free quark:

lim VU, (t,x) = e "““u(q) (3.39)

t——o0

and not antiquark (see Eq. (3.35)), than the corresponding initial condition for 7 = 0

is very similar to the one given in Eq. (3.37). The only difference comes from replacing
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q with —¢ and v(q) with u(q). In fact, when deriving Eq. (3.37), the only time where
the fact that the spinor was corresponding to a antiquark and not a quark was used
explicitly was in the relation (¢+m)v(q) = 0. But by taking ¢ — —q and v(q) — u(q),
the above relation would read (—¢ + m)u(q) = 0, which holds true for any ¢. Hence
Eq. (3.37) holds also for quarks in the initial state with the appropriate substitutions.

3.3.2 Dirac equation in curvilinear coordinates

Starting from the initial condition in Eq. (3.37), one must solve the Dirac equation
in the coordinate (7 = /12 — 22, z,xp). The easiest way to do so is to transform
the coordinates while keeping the fields unchanged [26]. A coordinate transformation
from (t, z, xt) to (7, z, xt) (for details about coordinate transformations see Appendix

A.1) acts on the derivatives according to:

2 2
g, YTt 5 (3.40)

-
0, — 20, + 0. (3.41)

T
with the rest of the derivatives remaining unchanged. Exactly the same transforma-
tion rules apply to the gauge fields A,. Inserting the above into the Dirac equation

given in Eq. (2.8) yields:
V"D,V = [—iy’D, + (—iyp - Dt + m)| ¥ (3.42)

where we used the notation:

. VT2 22 z
V=" (3.43)

By multiplying Eq. (3.42) with —iP*7° we get!:

2 2
(E - 37073> D,U* = =’ DU + ir°(iyr - Dp —m)UT  (3.44)

T T

where for simplicity we used the notation ¥* = P*W¥. Now using that 7°?P* =

+P*, we finally obtain:

D, U* =

/2 2 +
#FDz‘I’i + i7°(iyp - D — m)¥T] (3.45)

T After using that PT40y3 = 7043 P% P40 = A0PF and P40 = 404 PT (with i = 1,2)
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Now we still have to specialize Eq. (3.45) to the temporal gauge used in the gluon
evolution part (i.e. A,=0 ). Since the gluonic fields are computed in the (7,7 =
iln (%:21225) ,x1) coordinate, we still have to transform the gluonic fields to the

(1, z,x7) coordinate. Using the rules from Appendix A.1 we obtain:

z

A=A ——— A
” T2
A—— L 4 (3.46)

Vit 22!

with A" and A the vector fields in (7, z,x7) and (7,7, xT) coordinates respectively.
The transverse fields are the same in both coordinates. Putting everything together,

we get:

B VT2 42242
T

o
0, U [F0.9% +i7 (v - D = m)¥F] Fi— 0 (3.47)

where we used the notation ® = gA,' and also set A, = 0 (the temporal gauge
condition).

Now we have all the ingredients necessary to be able to compute the quark pro-
duction within the CGC and MV models. But before doing so, we have to carefully
analyze several problems that may arise due to explicit coordinate dependence of the
terms in Eq. (3.47). The first is the 1/7 term which can create problems in the limit
7 — 0, especially in a numerical simulation. Let us start by checking that the initial
condition from Eq. (3.37) is indeed a solution of the Dirac equation at 7 = 0. For
z < 0and 7 — 0, Eq. (3.47) reduces to:

=

0V = 9.9~ +i7°(iyp - Dy — m) U] (3.48)

since we also have the initial condition ®|,—o = 0. For z < 0, U~ will be given by
rows 3 and 4 of Eq. (3.37) (but only row 3 has a z dependence) while ¥+ will be
given only by row 2. It is straightforward to check that the terms inside the square
brackets of Eq. (3.48) do cancel. Hence for z < 0 and 7 — 0, Eq. (3.47) does not have
any singularities as might have naively been suggested by the 1/7 term. Similarly it

can be shown that also for z > 0 the 1/7 term does not create problems.

!The ® field from Eq. (3.47) is related to the scalar longitudinal field ¢ defined in Sec. 3.1 via the

equation ¢ = g¢.
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3.3.3 Quark production in 141 dimensions

It is also instructive to look at the case of one spatial dimension since it provides
an easy and fast way to check the numerical behavior of the Dirac equation. Before
doing so, let us see how some of the expressions for the full 3+1 case presented above

simplify for just one spatial dimension. In this case, the number of produced pairs

reduces to:
Ngg / /
Wl [ty — /)0y )P (3.49)
Y
M(y—y) =7 / dn (s ) AT (7, 2) (3.50)

where M., represents the amplitude to produce quark pairs at a given time 7. With
y and 3" we denote the rapidity of the initial antiquark and final quark respectively.
Eqgs. (3.49)-(3.50) exploit that the background gauge field is boost invariant. Thus
the amplitude for quark production depends only on the rapidity difference between
the initial state antiquark and final state quark, and not on the individual rapidities
of the initial and final state particles.

The initial conditions for the 141 dimensional case are found using Eq. (3.37)
specified for just one spatial dimension. To do so, one must first remove the depen-
dence on the transverse coordinates by specializing to a 0 transverse gauge field (i.e.

Up(xt) =1 and U (kt) = (2m)20%(kr) ). This gives:

V(1 =0,2,xp) = e ‘9Tt (ei‘ﬁxi SR - 1) v(q) (3.51)

qeiy
V2
next step is to drop the transverse coordinate. It is convenient to split the initial

where ¢& = % are the LC momenta and z* are the LC coordinates at 7 = 0. The
condition in two branches, which we will call left and right. Each branch corresponds
to the solution one obtains by propagating the initial free wave from ¢t — —oo to
7 = 0 by the two possible ways illustrated in the right panel of Fig. 3.1. The initial

condition for the left branch is:
y
T (r=0,2) = —e¥*V/mexp (zmTe(|z| — z))

U (r=0,2) = eV m {exp (imTey(M _ z)) _ 1} (3.52)
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whereas for the right branch the initial condition reads:

v =0.2) =t [1— e (75 (214 2)) |

me

5 (|2 + z)) : (3.53)

In the above equations we already used the fact that for 1+1 dimensions the Dirac

U (1=0,2) = e ¥*/mexp (z

spinor v is given by:
ey/?
v(y) = vm (3.54)
_e_y/2
Ref. [26] shows that in the absence of an external field, the two paths shown in

the right panel in Fig. 3.1, individually give rise to the following amplitude for quark

production:

1
cosh (557)
while when considered together, the amplitude is 0 as expected in the absence of an

M| = (3.55)

external field. A similar relation holds also for the 3 dimensional free Dirac equation,

with the difference that we also have to integrate over the transverse momenta of the

final state quark.

3.4 The discretized Dirac equation

3.4.1 Discretizing the Dirac equation

In the (7,z,y,2) coordinate system the Dirac equation can be discretized using a
second order method for both the 7 and z directions. For the z direction, due to
the explicit dependence of the analytical equations on the z position, an explicit
discretization scheme is unstable, this is why the z derivative has to be discretized

implicitly. The 7 derivative of the Dirac field is discretized according to:

0. V(r,2) —

o V(T + ar,2) — V(T —a,, 2)] (3.56)

while for the z derivative we start by writing the derivative at 7 as the average of the

z derivative at 7 — a, and 7 + a,

o, V(r,z %1 oLV(t —ar,z)+0.Y(1t+a,,z), 3.57
2
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after which each of the two right hand side terms is discretized to:

1

ay

0. V(T 2) — (U(T,z+a,) —V(r,z—a,)]. (3.58)

In the above equations, all the ¥ variables are to be evaluated on the transverse plane
at the xt coordinate (this notation was dropped for more readability). The constants
a, and a, denote the lattice spacing in the 7 and z direction respectively. Moreover,
it also makes sense to use the following relation (the advantages of using it will be
clearer later):

‘I)(:) U(r 2) ~ @2(:) W(r —ar,2) + U(r +ay, 2)]. (3.59)

The transverse covariant derivative along the i-th transverse direction is discretized
as:

U (x7) U (x7 + €;) — Ul (x1 — ;) U (x1 — €;)

DZ\I] (XT) — Qai

(3.60)

where U;(xt) (with ¢ = 1, 2) denotes the link matrices along the i-th direction in the
transverse plane. The constant a; denotes the lattice spacing along the i-th transverse
direction. The coordinate xt + e; denotes the next neighbor in the i-th transverse
direction for lattice point x1. The 7 and z dependence of ¥ in the upper expression
was dropped for readability, but all the W fields have to be evaluated at the same 7, z
point. In the following we use DtV to denote the transverse gradient of the Dirac
field (D VW is the sum of Eq. (3.60) for i = 1 and ¢ = 2 which correspond to the x
and y directions).

Now all the previous expressions can be inserted into Eq. (3.47) to give:

1 +:j +:5 VT2 +22%2 4 -1 ++1 -1
2a7— (\Ijn-gl - \Ijn—Jl) = :FTCLZ (\Dn—gl - \Ijn-gl + \Iln—jl - \Ijn—Jl )

WGEEET

. a, iy (iyp - Dy — m)UFd F o ( =g \If,jf’_jl) (3.61)

where n denotes the 7 step and j the lattice point in the z direction. All the W fields

in the above equation are to be evaluated at the same transverse lattice point xr.
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Eq. (3.61) gives rise to the following system of linear equations:

D,a, s VT2 422+ 2 ; i
(I+i— Ui £ TGT(‘I’ﬁfl Vi) =
D,a, o VT2 24 y i
(15 i), F ———a, (V71 — )

T 2a,T

V21 24 '
L iy%(iyr - Dy — m) U (3.62)
-

n

where the unknowns are the W, fields isolated on the left hand side. In Eq. (3.62)
the U+ and ¥~ fields need to be known only at different time steps, hence to minimize
memory one can store one field component (lets say W) at even 7 steps and the other
one (U~) at odd 7 steps. And then, after solving the linear system in Eq. (3.62),
it can store the values of the Dirac field at the new n + 1 time step in the same
memory location where it stored the values at the n — 1 time step. So by using the
approximation from Eq. (3.59) one needs to store only one copy of the field ¥ and not
two copies as one would have expected by using a second order accurate discretization
scheme.

Periodic boundary conditions can be used for the transverse directions, but not for
the longitudinal one since the Dirac equation is not translation invariant. This is why
free boundary conditions must be used for the z directions. It is also very important
to replace the z derivative with a second order accurate discretized version for the
lattice points at the end of the z direction. Otherwise one will have instabilities which
start at these lattice points and propagate into all the lattice points. Even a second
order accurate method does not fully solve this problem, but it takes much longer
for theses instabilities to rise. The 7 value after which these instabilities become
important is much larger than the 7 to which the code has to be evolved to study

HIC. So for the end points of the z lattice one has:

1
0.0~ — 5 (=30~ 47— T (3.63)
a
1
0.7 — 5 (307 — 407! 4 ¢/ (3.64)
a

where £.J are the endpoints of the z direction such that 2J +1 = N, (NN, is the total

number of lattice points along the z direction).
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Eq. (3.62) will also take a special form for the first 7 step, when one evolves the
Dirac wavefunction starting with the initial condition which is know at 7 = 0. For
the first step the 7 derivative can be discretized only to first order accuracy. To
obtain a similar equation as Eq. (3.62) for the first step is just enough to replace 2a,
in Eq. (3.62) with a,. The resulting equation will be used when evolving the Dirac
wavefunction from the initial condition to the first step as well as when bringing both

components of ¥ (¥* and ¥™) to the same 7 value.

3.4.2 Solving the linear system

The numerical evolution of the Dirac equation from one 7 step to the next reduces

to solving the following linear system of equations:
MVE | =¢, (3.65)

with W | the column matrix which stores the values of the Dirac field for all points
on the z-direction at the n + 1 time step for a given x transverse lattice point. The
Ut 1 vector can be chosen such that the first entry corresponds to j = —J (the left
most point of the z-direction) and the last one corresponds to j = J (the right most
point of the z-direction). &, is a column matrix which has as entries the right hand
side of equation Eq. (3.62). M is a square matrix whose entries can be read from the
left hand side of Eq. (3.62).

A first step in solving this system would be to explicitly take into account the

Dirac spinor structure of the Dirac field, which would give:
M W (i) = &(0) (3.66)

where i Tuns from 1 to 4 and denotes the spinor entry of the U* field given as:

Wi (1) &n(1)

Wiy = \11?1(2) b |9 (3.67)
V) &n(3)
Wi (4) &n(4)
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The M matrix in this case is simpler than the one in Eq. (3.65) since it does not have
a spinor structure and also since it does not depend on the Dirac spinor entry i - it is
obvious from Eq. (3.62) that M is Dirac spinor independent. To simplify notations,
until the end of this section, Eq. (3.66) will be written just as MV = ¢.

M is a N x N matrix"? which is almost trigonal (has entries only on the diagonal,
above and below the diagonal plus two more entries - m3 and myy_2). Schematically

the M matrix is given by:

myp miz myz 0
Mo M2 Ma3 0

0 mgy m33 mz

M= : |3.68)
MN_2N-3 MN_2N—2 MN_2N_1 0
0 MN_IN—2 MN—-IN—-1 MN-IN
0 MNN-—2  MNN-1 myN

where the entries of the M matrix can be easily read from Eq. (3.62). If the gluonic
field is generated by a SU(N,) local gauge symmetry (with N, the number of colors)
than each element of the M matrix is in fact a N, x N, matrix.

The simplest way to solve the system given in Eq. (3.66) with the matrix M given
by Eq. (3.68) is to use the LU decomposition method. The matrix M is written as:

M =LU (3.69)

where L is a lower diagonal matrix and U is an upper diagonal matrix with entries

M is a N x N matrix only when looking at the m,; elements, since each m;; term is a N, x N,

matrix (N.=number of colors), M is even a larger matrix.
2In this section we will denote for simplicity N = N, = 2J + 1.



3.4 The discretized Dirac equation

given by:
1 0 0
L 1 0
0 I 1
LU=
In—g 1
0 Iy
0 In

Comparing the above equation with Eq. (3.68), one obtains the following algorithm:
1. Set d1 = mMi1, Uy = M3 and Ug = M19.

2. Set ll = mgldl_l and Uz = Moz — llul.

3. Set Uj = Mj—15 for allj 2 4.

4. Set dj = mjj—lj_luj (fOI' 2 S] S N—].) and lj = mj+1jd_1 (fOI‘ 2 S] S N—2)
5. Set Iy = mNN—2d]_Vl_27 Ino1 = (mNN—1—lNUN—1)dX/1_1 and dy = myy—In_1un-.

After finding the elements of both the LU matrices as well as for the £ column
vector, the equation LUV = £ can be solved as follows. Start by denoting y = UV,

= o O

d1 U2 Uy 0
0 dg us 0
0 0 dg Uy

dy_o un—; O
0 dy-1 upy
0 0 dn

J

then the linear system becomes Ly = &, which can simply be solved by:

1. Set X1 = 51.

2. Set X5 = gj - lj—lXj—l for 2 S] S N —1.

3. Set xn =&nv — Inxn—2 — INnciXv-1-

In a numerical code the values of x can be stored in the same memory partition that

stores the values of the & array. Now the remaining linear system of equations reads

UV = y, which can be solved as:

1. Set \IJN = d;,lxN.
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2. Set \Ifj = dj_l(X] — uj—l—l\llj—l—l) for N —1 Zj > 2.
3. Set \Ifl = dl_l(xl - UQ\IIQ — Ul\Ifg).

The final set of instructions give the components of the Dirac field at the n + 1 time
step for a given Dirac spinor i. Now this algorithm must be iterated for the remaining
3 Dirac spinors. This part of the numerical code can be sped up by choosing a smart
basis for the Dirac v matrices. In the Weyl or chiral basis the fields ¥* have only 2
nonzero entries each, such that the above algorithm has to be used only twice at each
transverse point for each 7 step (instead of 4 times).

For the full 3+1 dimensions case, for each 7 step the system will have to solve
this algorithm 2N, N, times (with N, and N, the size of the lattice in the x and
y direction respectively). For the case of 141 dimensions, this algorithm must be
solved only once for each 7 step. For more details about the implementation of this

algorithm see the Appendix B.

3.4.3 'The quark initial condition on the lattice

To obtain the lattice version for the initial condition of the antiquark wavefunction
we can start from Eq. (3.37). This can be easily taken from the continuum and onto
the lattice since it does not explicitly contain gauge fields, but only covariant deriva-
tives and Wilson lines. The covariant derivatives on the lattice are given in a gauge
invariant way by Eq. (3.60). The same equation also determines the dispersion rela-
tion, since the lattice quark momentum depends on the expression of the discretized
derivative.

On a N point linear lattice the allowed values of the momentum are k, = %’nx
with n, = —% +1,..., %, with similar expression for the other directions. The
discretization choices made in Sec. 3.4.1 mean that the lattice dispersion relation for
a quark is given by:
sin?(kpa,)  sin?(kya,)

a? a2

E? =m? + + m2 sinh?(yy)

= m2 cosh?(y;) (3.70)
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where ;. is the quark rapidity and my is the transverse mass given by:

m7 =m? + k7 (3.71)
in?(ka,) sin®(kya,)
]{?2 — sin ( T vy 72

which is the lattice transverse momentum for fermions.
As can be seen from Eq. (3.72), there are several values of (k,, k,) which give the
same fermion momentum kp. This effect is know as fermion doubling. One way to
deal with it is to restrict to only a quarter of the Brillouin zone, effectively considering
only momenta which do not create a degeneracy in the fermion momentum. In our
2

case, we will restrict to fermion momenta k., = Fn., with n,, =

N

N
—Z,...,Zfor

both the momentum of the initial antiquark as well as for that of the final quark.
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3.5 Numerical Results

3.5.1 Gluon production
In this section we compute a few observables of the gluonic field and compare them
with the numerical results from [27]. This section will be short since the gluonic field

evolution is not the main part or the most complex one of our study.

2000 ‘ ‘ ‘ 600
500 (£,
- o 400
? ?
e e
= = 300
K= K=}
nj o
© S 200
500
100
O 1 1 1 0 1 1 1
0 05 1 15 2 0 05 1 15 2

T (fm) T (fm)
Figure 3.2: Left: The total energy in the gluonic field per unit rapidity for 4 = 0.5 GeV. The dotted
curves give a statistical error estimate for 5 different configurations of the initial charge distribution.
Right: The energy per unit rapidity in each field component for the same simulation as in the right
graph.

The gluon evolution is characterized by three free parameters: the strong coupling
constant g, the color charge density parameter p and the transverse area of the nucleus
mR%. For each numerical simulation we have that 7R% = N2a? with N? the number
of lattice points for the transverse lattice and a the lattice spacing in the transverse
direction. For the numerical results presented here we take mR% = 150 fm? and
g = 2. Even though the model has 3 physical parameters, the qualitative behavior of
it depends only on one parameter, g?juR4. Small values of the g?uR4 give the weak
field limit while large values of g?uR4 give rise to a strong field. The latter is the
regime where we expect that the model described in Sec. 3.1 to be valid.

The left panel in Fig. 3.2 shows that the energy per unit rapidity in the field
increases very fast at small 7 values after which it remains at almost a constant
value. As expected from the equipartition theorem, the energy in the fields and in
the momenta should be the same. This is the case (up to numerical errors), as can

be seen from the right panel in Fig. 3.2 which shows the energy in each component
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of the field. Using this fact, the multiplicity can be defined as [27]:
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Figure 3.3: Left: 2:‘1;? I dgﬁ; as a function of the transverse momentum for u = 0.5 GeV for two
A

4
different lattice sizes. Right: 0267;":{:1‘%2 ngIXT as a function of the transverse momentum for p = 0.5
L A

GeV for two different lattice sizes.

Using Eq. (3.73) one can compute the gluon spectrum; the numerical results are

shown in the left panel in Fig. 3.3. In the weak field limit, one expects that % X

ﬁ [27]. Hence we would expect that |kp|?* dczulsz tends to a constant in the weak field

limit. The right panel of Fig. 3.3 shows that for high |kr| there is indeed a crossover

\ki\“ behavior, but that the exact behavior is not reached.

to something similar to a
This may be due to lattice size effects, as can be seen by comparing the two lattice
sizes. Another reason for the mismatch is that the CGC formalism works best in the
classical strong field regime while the above predictions holds only in the weak field
limit. All the numerical result obtain in this section are in very good agreement with

the ones given in [27].

3.5.2 Quark production in 1+1 dimensions

In this section we analyze the behavior of the numerical solution for the Dirac equation
for one spatial dimension. This is especially useful since it allows to analyze the
numerical solution on a much larger range of parameters than it would be possible

in three spatial dimensions (due to memory and computational time limitations).
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Moreover, many of the parameter dependencies of the equation for 141 dimensions

(one spatial and one time) also hold for the full 341 dimensions.

a) Time evolution of the numerical Dirac solution

The Dirac equation in (7, z) coordinates can pose a problem due to the 1/7 term
from Eq. (3.47). In the analytical case, when 7 — 0, we have that 79, ¥* = 0, hence
analytically the 1/7 factor does not pose a problem. Moreover, the 1/7 factor arises
due to the new coordinates used, not due to a physical singularity. For the numerical
implementation of the equation, we have to be careful that the right hand side term
of the Dirac equation does not pose a problem due to discretization errors. In general,
the larger the lattice spacing is, the larger are the discretization errors which arise from
replacing derivatives with finite differences. To minimize these errors, one can choose
a smaller lattice spacing or can replace the derivative with higher order discretization
schemes.

This is why it is important to study the behavior of our code for different parameter
settings around 7 = 07. For the first few time steps, the numerical Dirac wavefunction
will be independent of the a, (lattice spacing along the 7 direction) value. This is
true since everywhere in the Dirac equation we only find the ratio a,/7 and not a,
or 7 alone (in fact we have a few /72 4 22 terms but for small 7 these terms are just
|z| plus small errors).

Fig. 3.4 shows the time behavior of the Dirac field at a given lattice point for
different values of the ma, parameter. As expected, the bigger the ma, parameter,
the greater is the difference from the “expected” result. Another important feature
of the results in Fig. 3.4 is the “jiggling” of the numerical solution at the start of the
simulation for high values of the ma, parameter, as shown in the inlet in Fig. 3.4. This
is due to discretization errors and to the 1/7 term in the Dirac equation. For large
ma, parameters the error in the discrete z-derivative are large and hence the right
hand term from Eq. (3.47) is large (analytically it should be 0). The consequences are
that the 7 derivative is large, this is why initially the change in the Dirac wavefunction

between two consecutive time steps can be large. The size of this “jiggling” can be
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Figure 3.4: The dependence of the wavefunction on proper time for different values of the longitudinal
lattice spacing for the free Dirac equation (¢ = 0).

decreased only by choosing a smaller ma, value and not by choosing a smaller a,. To
minimize the “jiggling” one should restrict to ma, < 0.05, even though this will not
always be possible. Fig. 3.4 also shows that even for a strong “jiggling” at early times,
the numerical solution does not diverge from the expected result for later times.
The results shown in Fig. 3.4 are only for y = 0. If y # 0 than the size of the error
is controlled by the values of the ma.e!?! parameter. This is because the error in the
discretization of the z-derivative depends on the value of the parameters ma.e? and
ma,e~ Y (these are the parameters that give the z behavior of the initial condition for

the Dirac field in 1+1 dimensions).

b) Free Dirac Equation

For the free case, we expect the amplitude for quark pair production to be 0. But
if we compute the amplitude M for each of the two branches in which we split the
initial condition for the 141 dimensions Dirac field (see Eqgs. (3.52)-(3.53)) we expect
to get a non-zero amplitude given by Eq. (3.55) in Sec. 3.3.3.
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The amplitude for quark production is given by Eq. (3.50) which for the 7,z

coordinate system reduces to:

Mly.o) = [ a0y ) (3.7
where W(7,z) is the numerically evolved Dirac field with initial condition given by
Egs. (3.52)-(3.53). Eq. (3.50) suggest that M (y,y’) will be mainly given by the region
n =y (due to the ™7 h(=¥) factor which oscillates very fast for large exponents).
When 7 is very different from 3/, the argument of the hyperbolic cosine will be large,
and hence the exponential function will vary very fast with 7. This would mean that
we can get an accurate value for M(y,y’) just by considering only a relatively small
interval in n around n = vy’

An important inconvenience of Egs. (3.50) and (3.74) for finite integration limits is
that the integrand is nonzero at the integration boundaries (this is because the Dirac
field does not die out at large n). In fact this integrand will vary greatly for even a
slightly change in the integration limits, due to the fast variation of the exponential
function. So the quark amplitude defined previously is a highly oscillatory function of
the integration limits. In the analytical case when the integration limits are infinite,
this oscillations will average out and will give rise to a well defined result, but this is
not the case for the numerical simulation with a finite lattice. To solve this problem
we compute M (y,y’) from Egs. (3.50) and (3.74) for different integration limits and
than we will take an average of the values thus obtained. To obtain accurate results,
the range in n (or z) over which we vary the integration limits has to contain several
oscillation periods of the M(y,y’) function. In the following, each time we compute
M, we average over the z integration limits such that the integration limits vary from
Zmaz 2 10 Zmae (With 22,,,, the length of the lattice in the z direction).

First we test if indeed we can reproduce the analytical results from Eq. (3.50) by
just taking a small interval in 1 around 7 = 3. Since we only know the numerical
Dirac field at given z points, we will use Eq. (3.74) for computing the quark production
amplitude. The integration limits z,,;, t0 2,4 Will be given by the corresponding

value of 7,55 10 Nmae for which we want to compute M (y,7’). Since we consider only
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Figure 3.5: The amplitude M of one branch for the free Dirac equation when considering a fixed
space-time rapidity interval. The integration interval over 7 varied for each value of 3’ such that
the boundaries are given by the solution of the equation m7 cosh(n — y’) = const, with the value of
const given in the legend of the graph.

a certain interval around n = 3/, the integration limits 7,,;n, tO Mmqez Will depend on 3.
We choose the 7 integration limits such that at the integration boundaries the term
mt cosh(n—y’') has a given value. We obtain the same shape for M (y, y') indifferently
of the value of mr cosh(n — y) at the boundaries as long as m7 cosh(n — ') > 25,
see Fig. 3.5. By taking a bigger lattice we get a smaller error when evaluating the
oscillating integral M (y,y’) (since we average over a larger number of periods), but
aside from this, larger values of m cosh(n — ') at the boundaries do not change the
overall amplitude M. So the results from Fig. 3.5 support the conclusion that the
amplitude M is given by a small interval in 7 around n = ¢/'.

Let us analyze in more detail the asymmetry of the graph in Fig. 3.5. The
numerical result is very close to the analytical one for y —y’ < —1, but fory—y’ > —1
it has a much larger amplitude of oscillation around the analytical result. Around
y —1y' = 0 a given interval in 1 corresponds to less lattice points (for a fixed a,) than

for larger values of |y —%'|. So around y—3’ = 0 there are not enough lattice points to
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get a good estimate on the oscillating function, even though the interval over which
we average contains several periods of oscillation. For y —y' > 1 (i.e. v < —1) the
problem arises since we use the right branch (Eq. (3.53)) as the initial condition for
the Dirac field. For the right branch the ¥ field is constant for z < 0 and varies for
z >0 (at 7 =0), so at some time 7 the VU field will mainly vary for z > 0 and also for
some values of z < 0 (but only for those with z not too far from 0). Since for y’ < —1
the main integration interval when computing M will be for negative z values, there
are not enough z lattice points in the region where ¥ varies. Choosing the left branch
(Eq. (3.52)) as the initial condition gives an asymmetry which is mirrored around

y —y' = 0 to the one in Fig. 3.5.
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Figure 3.6: Left: The amplitude M of one branch for different lattice sizes in the z-direction (for
a constant zmqq). Right: The amplitude M of one branch for different physical sizes of the lattice
in the z-direction (for a constant a.). For 2,4, = 500 there is no visible difference between the
analytical and the numerical result.

Since the main contribution to the amplitude M is given by the interval around
n =y’ and taking into consideration that z = 7sinh#, one can conclude that for a
given proper time 7 we can compute M only for sinhy’ < z,,../7. After also taking
into account the averaging procedure to deal with the oscillating result, the above
relation should read sinhy’ < z,,,./(27). The range in rapidity is also limited by the
finite lattice spacing along the z direction which gives a ultraviolet cutoff for the z
momentum sinhy < 27/(ma,).

In the following the amplitude for quark production is computed using an integra-

tion over the z parameter (Eq. (3.74)) taking as integration limits —z,,42 t0 Znae. The
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left panel in Fig. 3.6 shows the dependence of the numerically computed amplitude
on the lattice size. The numerical results agree well with the analytical ones. For
N, > 500 there is no dependence of the amplitude on the number of lattice points.
The difference between the result for N, = 200 and the rest may be due to the small
number of lattice points or due to bigger discretization errors. In the left panel of
Fig. 3.6 the N, = 200 curve corresponds to ma, = 0.25, which suggests that a small
difference is to be expected due to discretization errors (see Fig. 3.4). The difference
between the numerical and analytical result in Fig. 3.6 is due to a relatively small
Zmae Value. Using a larger z,,., results in a more accurate value for M - see the right
panel in Fig. 3.6, where for z,,,, = 500 there is no visible difference between the

analytical and the numerical result.

—_ tﬁeory
— y=1 e

0.9 ........

0.8

IM|

0.7

-3 -2 1 0 1 2 3
y-y'
Figure 3.7: The amplitude of one branch for the free Dirac equation for different rapidities. The
rest of the parameters are: a, = 0.01, mass = 0.5, N, = 100, N, = 5-10% and a, = 0.2.

Due to boost invariance, the amplitude M should be independent of y (it should
only depend on y — ¢). Since the calculations are done using z as the longitudinal
variable and not the rapidity, it is nontrivial to check that M is boost invariant.
Fig. 3.7 shows that indeed the amplitude for pair production is independent (within
some numerical errors) on the rapidity y. What is interesting to observe is that the

numerical calculation breaks down for y — ¢’ > 2 when y = —2. The UV momentum
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cutoff is y < 5 while the additional condition sinhy’ < z,,.,/(27) yields y' < 6. So
the breakdown for y — ¢y’ > 2 when y = —2 is possibly due to the UV cutoff, but
this does not explain why there is no breakdown for y — 3’ < —2 when y = 2. The
results in Fig. 3.7 are for the right branch, while for the left branch the picture is

very similar but with the graph mirrored around y — ¢y’ = 0.

c) Dirac Equation in an External Field

The next step is to study the behavior of the discretized Dirac equation solutions in
the presence of an external field. In one spatial dimension, the solution of the gauge
time evolution equations is given by a constant electric field off the light cone [26].
So to study the behavior of the discretized Dirac equation in 1+1 dimensions in the
presence of external fields one has to introduce it by hand. This external field should
have two parameters, a mass parameter which tells how fast the field vary with 7 and
also a constant which controls the strength of the field. We take the external field as
26]:

B(7) = Qo711 (Qu7) (3.75)

where (), is our mass parameter and c¢ controls the field strength (with ¢ < 1
representing the weak field limit). Such a choice is motivated in two ways, similar
results were computed in [26], so it provides a good opportunity to compare our
results with other numerical results. Also, the choice in Eq. (3.75) admits analytical
solutions for the amplitude of quark-antiquark pair production in the weak field limit
[26]. For weak fields, using first order perturbative results, one expects the amplitude

|M| to have a peak at:

cosh <%) = Qs.

5 o (3.76)

This means that for Qs < 2m we expect to have only small values for |M|, which
should abruptly increase for Qs = 2m (with a prominent peak at Ay =y — 3y’ = 0).
For Qs > 2m the quark production amplitude should have two peaks given by the
solutions of Eq. (3.76).
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Figure 3.8: The dependence of the amplitude for quark production for different values of the Q,
parameter for weak fields (¢cQs = 0.05m) at m7 = 125. The vertical lines show the position of the
peaks predicted by Eq. (3.76) corresponding to the @5 values plotted above.

The numerical results for a weak field (cQs = 0.05m) are shown in Fig. 3.8. As
expected, for Qs < 2m we observe that the amplitude for pair production |M| is small.
For Qs > 2m we obtain the expected peak behavior predicted by Eq. (3.76). It is
also interesting to observe that the peaks of the numerical result coincide relatively

well with the predictions resulted from first order perturbation theory.
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Figure 3.9: Left: The dependence of quark production amplitude |M| on rapidity at different times
7 for Qs = 2.06m and c@Qs; = 0.5m. Right: The number of produced pairs per unit rapidity
JIM*d(y — ') as a function of proper time 7 for @, = 2.05m and ¢Qs = 0.05m.

Fig. 3.9 shows the dependence of |M]| for different 7 values. It can be seen
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that the height of the peaks increases linearly with time while their width shrinks
with time. But the area under the peaks ([ |M|d(y — y')) remains approximately
constant pointing to delta function dependencies for 7 — oo. In Fig. 3.9 we also see
that the number of quark-antiquark pair produced ([ |M|*d(y —y')) increases almost
linearly with 7, especially at large m7 values. These results are in agreement with

the numerical results obtain in [26].

3.5.3 Quark production in 3+1 dimensions

In this section we compute the quark production amplitude for the full three dimen-
sional case. First we analyze the solutions of the Dirac equation in the absence of
the gauge field; solutions which can be compared to analytical predictions. Then we
study the quark production amplitude in the presence of the gluonic field given in
Sec. 3.1, results that we compare to those in [29, 30, 31].

For the 341 dimensional case it is useful to split Eq. (3.33) into two parts:

d 2
|M(qr, Ay)l* :/ = '/szXTdne P i TR G (p)y W (7,77, Xr) | (3.77)

dN d2q
C— [ e M, )P (3.78)

where | M (qr, Ay)|? denotes the amplitude squared for quark production integrated
over all the transverse phase space available to the final state quark (for simplicity,
in the following we will refer to |M| as the amplitude). The quantity Cfi—];f denotes
the number of quarks produced (which is also the number of quark pairs) per unit
rapidity. With Ay we denote the rapidity difference between the initial state antiquark
(at t — —o0) and the final state quark. Since the gauge field is boost invariant, the
quark production amplitude depends only on the rapidity difference Ay and not on the
individual rapidities of the quark or antiquark (as illustrated in Eqgs. (3.77)-(3.78)).
The parameters of the numerical model are the strong coupling constant g (we
take g = 2'), the nucleus transverse area mR?%, the source density parameter ;i and

the quark mass m. As in the case of the gluonic field only, the typical momentum

'Tn the classical field theory approach there is no reason for ¢ to vary with energy.
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scale is given by g?u while the parameter g?uR, characterizes the strength of the
gauge field (a small value of the parameter gives the weak field limit).

The Dirac wavefunction is stored on a N2N, lattice with N = 180 and NN, = 400.
The numerical transverse area N2a? corresponds to the physical area via N2a? =
7R% = 141 fm? which for a fixed N gives the size of the transverse lattice spacing
a. The following numerical results are obtained for a, = 0.2a, a, = 0.02a and for
7 = 0.25 fm which corresponds to about 200 time steps (unless stated otherwise).

Due to the large lattice size, the Dirac wavefunction for N = 180 and N, = 400
needs 1.2 GB of RAM in single precision (there are 4 Dirac spinors and 3 colors).
Moreover, the time evolution for each time step takes 60 - 80 s/(180%400)=4.5 to
6.0 ps for each lattice point depending on the processor. So it takes 3 to 4 hours to
evolve the Dirac equation to the proper time 7 = 0.25 fm for a given configuration of

initial charge.

a) The free Dirac equation

In the case of the free Dirac equation one can make analytical predictions for the quark
pair production amplitude. Similarly as for the case of one spatial dimensions, |M |?
defined in Eq. (3.77) is given by Eq. (3.55) when the initial antiquark wavefunction
is given by only one of the two branches from Fig. 3.1. When using both branches,
the number of quark pairs is zero as expected in the absence of an external field.
Fig. 3.10 shows that indeed the numerical results for a wide range of quark masses
agree with the theoretical predictions. The agreement is not as good as for the
141 dimensional case, since for 3+1 dimensions the finite memory available imposes
a strict limit on the lattice size, and hence on the maximum value of the mz,q.
parameter’. Thus the discrepancies between the numerical and the analytical result
from Fig. 3.10 are mainly due to the limitation of the averaging procedure (see Sec.
3.5.2). We also tried several other procedures to deal with the oscillating values of

| M|? at the ends of the lattice in the 2-direction. Some of them indeed give a numerical

I'The Mm2mae parameter is the one that controls how accurate is the averaging procedure described in

Sec. 3.5.2. For more details see the right panel in Fig. 3.6.
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Figure 3.10: The dependence of the amplitude |M| on the rapidity difference between quark and
antiquark for different quark masses. T Numerical results obtained using only one of the two branches
from Fig. 3.1. ¥ Numerical results obtained using both branches from Fig. 3.1.

result much closer to the analytical one, but they also have a major drawback. The
form of |M|? depends very strongly on the parameters of those procedures and the
analytical result is obtain only for a small range in those parameters. This is why
we decided to use only the method of averaging |M|? over different integration limits
(method described in Sec. 3.5.2).

The range of quark masses available in the numerical study is limited from two
directions. We cannot simulate very small quark masses (m < 0.1 GeV) since the z
lattice size in not large enough. For small quark masses the main contribution to the
quark production amplitude comes from a wide interval of z values, interval which
is not fully accessible for small N, values. On the other hand, large quark masses

(m 2 3 GeV) are not accessible due to the small transverse lattice.

b) Quark production in an external gauge field

The numerical result is expected to depend on the lattice size and spacing along the

longitudinal direction, especially for small quark masses. So we studied the depen-
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dence of the quark production amplitude |M|? on the lattice size and lattice spacing
(see Fig. 3.11). We see that a, = 0.2a and N, = 400 is more or less the limit which
distinguishes between a strong dependence and a weak dependence of the result on the
longitudinal lattice size and spacing. Moreover, the two graphs in Fig. 3.11 suggest

that we obtained different numerical results mainly due to computing the result for

410* ‘ ‘ ‘ ‘ ; 4n0*
310* o
o o
= =
200* 210" [+
1m10* 110*
2 1 0 1 2 2 1 0 1 2
Dy Ay

Figure 3.11: Left: Quark amplitude |M| (in lattice units) as a function of Ay for different lattice
size. Right: Quark amplitude |M| as a function of Ay for different values of the lattice spacing along
the z direction. a denotes the transverse lattice spacing. Both graph are at 7 = 0.25 fm, m = 0.3
GeV and transverse momentum qr = (4,4).

different values of z,,.,,. As expected, the extension of the longitudinal lattice is not
large enough to allow for an accurate averaging procedure of the oscillating integral.
By varying the limits of the averaging procedure, we found that the numerical result
can vary up to 10% (for m = 0.3 GeV). This variation becomes smaller for larger
masses, such that for m 2 1 GeV, there is little change in the numerical results when
varying the averaging boundaries. To cope with theses problems, one must take the
continuum limit of the numerical results (especially for the low quark mass simula-
tions). The vertical curves in the right panel of Fig. 3.11 as well as in Fig. 3.12 are
due to the momentum cutoff because of the finite size of the lattice spacing along the
z direction.

We found the quark production amplitude to be independent of the time step size
in a wide range of values starting with a, = 0.04a and lower. Another nontrivial
test is to study the dependence of | M| on the initial antiquark rapidity. As explained

earlier, due to boost invariance of the gauge field, we expect that the quark production
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Figure 3.12: Dependence of amplitude |M| (in lattice units) on rapidity difference Ay for different
rapidities of the initial antiquark. The results are obtained at 7 = 0.25 fm, m = 0.3 GeV and
transverse momentum qr = (4,4).

amplitude to be independent on the antiquark rapidity. This is not automatically
satisfied since we use z as the longitudinal variable in the numerical calculations, and
not the space-time rapidity 1. As can be seen in Fig. 3.12, |M|? is independent on

antiquark rapidity up to some numerical errors.
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Figure 3.13: Left: Quark amplitude |M| (in lattice units) as a function of Ay for different transverse
momenta. Right: Quark amplitude |M| as a function of Ay for different (g, gy) but for the same
|gr|. Both results are obtained at 7 = 0.25 fm and m = 0.3 GeV.

As it can be seen from the left panel in Fig. 3.13, the quark production amplitude
varies strongly with the values of the initial quark transverse momentum |qr|. But
the right panel in Fig. 3.13 shows that |M]? is independent on the actual values
of the momentum along the z and y directions and only depends on |qr|. This was
expected, since the results presented in this section are averaged over different random

distributions of color charge in the transverse plane. Thus there is no preferred



3.5 Numerical Results 67

direction in the transverse plane, and any results can vary at most with |qr|, but not
with the direction of qr.

The above result is especially useful since to compute the total number of quark
pairs, one needs to sum over all the possible transverse momenta of the initial anti-
quark (see Eq. (3.78)). Disregarding the doubler modes, on a N? = 180 lattice there
are 90 different quark momenta for each direction. Computing |M|? for all possible
values of the transverse momentum would result in more than 902 -3 hours=3 years of
computational time on a single CPU for just one initial configuration of color charge.
This is an unfeasible task even when using a computer cluster with more than 100
CPU units.

To overcome the problem, one takes advantage of the independence on the direction
of gr. Thus Eq. (3.78) reduces to:

dN |QT| d|‘lT| d( )
1672

| M(|a], Ay)*. (3.79)

If we know the values of the function only for a discrete set of |qr| values, than

Eq. (3.79) becomes:

dN ‘qT|z+1 —larli—1 |arli [ d(Ay) ,
Z o 162 | Mazlh, Ay)l (3.80)

where |qr|; denotes the i-th element of the transverse momentum set of values. The
above equation is valid for the continuum case, but for the discrete case the density
of states is not the same as in the continuum since the dispersion relation is given by

Eq. (3.72). So the discrete form of Eq. (3.80) is given by:

dy N2Z 2(|arl:) / 1(6 2) |M(lqrli, Ay)l? (3.81)

where X(|qr|;) denotes the numbers of transverse momentum states that correspond
to the transverse momentum |qr|; (i.e. the number of transverse momentum states
with momentum between |qr|; — % and |qrl|; + w)

The transverse momentum spectrum for the quarks can be computed using Eq. (3.78)

where we integrate | M|? over the rapidity difference. These spectra are shown in Fig.
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Figure 3.14: Left: The transverse momentum spectrum of quarks at g2 = 2 GeV for different quark
masses. Right: The transverse momentum spectrum of quarks at m = 0.3 GeV for different ¢%u
values. Both results are obtained at 7 = 0.25 fm.

3.14. One expects the quark spectra to be flatter and smaller with increasing quark
mass and larger with increasing values of the ¢?u parameter. This is exactly the
behavior observed in Fig. 3.14, even though especially for small quark masses the
change in spectrum is rather weak. Moreover, the spectra decrease only slowly at
large transverse momentum suggesting a dependence on the transverse lattice cutoff
a. This dependence should be studied by changing the size of the transverse lattice.

The quark spectrum at small transverse momenta is highly sensitive to the inte-
gration boundaries for the rapidity difference Ay. This is because, as it can be seen
from Fig. 3.13, at small transverse momenta |M|? does not go to 0 as |Ay| increases
as is the case for larger transverse momenta. This is a problem mainly for the first 2
data points of each spectrum from Fig. 3.14. But this does not pose a big problem
when computing the total number of quark pairs since the number of states for small
transverse momenta is much smaller than the one for higher momenta, and thus the
main contribution to % comes from |qr| 2 1 GeV.

For computing the total number of pairs per unit rapidity we use Eq. (3.81) ap-
plied to the set of transverse momentum values given in Fig. 3.14. The results are
shown in Fig. 3.15. These results are on average around 5-10% larger than similar
results obtained in [29, 30, 31]. The discrepancy can be caused by multiple reasons,
including the coarse range in |qr| used to compute Cﬁl—g, different boundaries for the

Ay integration as well as a different averaging procedure to cope with the oscillating
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Figure 3.15: Total number of produced quark pairs per unit rapidity as a function of quark mass
for 7 = 0.25 fm and different values of g?u. The error bars are only statistical errors over different
configurations of initial color charge.

quark production amplitude. The discrepancy is not a real problem, especially since
the results computed in this model cannot be taken at face value. The results are

meant to be a qualitative way to understand the initial stages of HIC.

3.6 Discussion and conclusion

Starting from the formalism described in [24, 25] for gluon field evolution and in
[26] for solving the Dirac equation in the classical gluonic field, we implemented
both algorithms numerically. We developed a new method for solving the nonlinear
equation which gives the initial condition for the SU(3) gluonic field (see Sec. 3.2).
We independently verified some of the numerical results for gluon production from
[27] and most of the numerical results for quark production in [29, 30, 31]. We
obtained the same number of quark pairs per unit of rapidity, even though the result
is with 5 —10% larger than in [29, 30, 31]. This discrepancy is not worrisome because
of two reasons. First, there are a lot of steps where small differences exist between
us and Gelis et al. that could have a relatively large effect. Some of these reasons
include the coarse range in |q| used to compute Z—]yv and different boundaries for the

Ay integration in Eq. (3.78). Secondly, these results are meant to give a qualitative,
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and not quantitative way to understand the initial stages of HIC.

The qualitative phenomenological implications of the results are as follows. Ex-
periments at RHIC measured about 1000 particles per unit rapidity in the final state
of the collision. Assuming entropy conservation, which is supported by the success of
hydrodynamical calculations, leads to the existence of a similar number of particles
also in the initial state [30]. The value of the pu parameter can be estimated using
Eq. (2.30), which suggests that u ~ 0.5 GeV. Taking our results corresponding to
g’ =2 GeV, for 3 quark flavors, we expect that the collision produces around 1000
quark pairs, result which is in contradiction with the RHIC observations. Moreover,
this also raises questions about the assumption of gluon dominance in the initial
stages of the collision.

Experimental results at RHIC suggest that the thermalization time is smaller than
1 fm [38]. If we suppose early chemical thermal equilibrium, than the quark pairs to
gluons ratio is ~ 1 [30]. For 1000 partons, this corresponds to about 400 gluons and
300 quark pairs. In our model, this is consistent with a reduced value of the saturation
scale, corresponding to g?u ~ 1 GeV. This is not unexpected, since Eq. (2.30) gives
only a very crude estimate for the p parameter.

The results show that within the classical model there are indeed a high number of
produced quark-antiquark pairs, number which is close to the total number of gluons.
These results suggest an early thermalization of the fireball. This is important since
in the hydrodynamic models used to describe the evolution of the fireball one always
assumes a medium in local kinetic thermal equilibrium. But this crucial assumption
could not be proved because the processes involved in the early stages of the collision

are clearly nonperturbative.
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PHOTON PRODUCTION

In this section we present photon spectrum calculations within the CGC formalism,
which is believed to describe the early stages of HIC. We start in Sec. 4.2 with a con-
cise presentation of the theoretical framework and calculations of photon production
[39, 40]. The photon rate is computed only to the leading order, since already such a
calculation presents several challenges due to the strong gluonic background field.

The resulting expression is very complex and it cannot be computed numerically
in the general form derived in [39, 40]. In Sec. 4.2.2, using symmetry arguments
and properties of the CGC model, we argue for simplifications that make feasible the
computation of the photon spectrum.

We conclude this chapter by looking at the numerical results for photon production.
We do extensive tests to analyze the behavior of the numerical results on lattice size
and other parameters of the numerical simulation. We end with the photon spectrum
for one quark flavor with the mass m = 0.3 GeV in a background field characterized by
g’ =2 GeV. We see that there are two terms that give non negligible contributions

to the spectrum.

4.1 Introduction

As we discussed in the introductory part of this thesis, photon spectrum can be
an important probe of nuclear collision. Photons, compared to quarks and gluons,
interact with the fireball resulted in the collision only trough the electromagnetic
interaction. Even at RHIC or LHC energies, the electromagnetic coupling constant is

much smaller than the strong one (at RHIC energies agys ~ % while o &~ 0.12). So,

71
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compared to partons, photons, once produced, travel through the medium without
additional rescattering until detection. But since the detector measures only the
total flux of photon, it cannot distinguish between photons resulted from the different
stages in HIC collision. So, to be able to use photons as a probe, one needs a good
understanding of the photon production in all the HIC stages.

There are several papers that have analyzed photon production in HIC. For ex-
ample, QGP photon rates were computed by treating the QGP as an expanding
thermalized medium made from quarks and gluons [41, 42, 43, 44]. Other important
photon production papers are [45, 46, 47] which develop the Arnold, Moore and Yaffe
(AMY) formalism. The AMY formalism together with hydrodynamic evolution for
the QGP are found in [48, 49] to give predictions in accordance with the experimental
data.

In this section we will discuss photon production within the CGC formalism, which
is believed to describe the classical gauge fields resulted in the earliest stages of the
collision. The work presented here follows the guidelines from [39, 40]. Photon
production in the CGC model was investigated for pA collisions in [50]. There the
calculation is done perturbatively in one of the fields, which can be used to lineralize
the Yang-Mills equations of motion. This is not the case for AA collisions, the ones we
want to study, since both sources are strong. To overcome this problem, we sum over
all the tree diagrams using the formalism developed in [22], which we than evaluate

using numerical simulations.

4.2 General formulation

We want to compute photon production from a strong SU(N,) gauge theory. Since
photons do not couple directly to gluons, we have to first consider the quarks produced
by the gauge field, which then become sources for the photon field. This can be done
by taking a combination of the QCD Lagrangian (given in Eq. (2.4)) and the QED
Lagrangian. On top of this, we also have to add an additional term which is the source

of the soft gluons within the CGC model. Hence our interactions are described by
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the Lagrangian density:

1 o 1 .,
L(z) = =1 Gua(2)Ge" (2) + U(@)[i P = m]¥(z) — 2 Fu (@) F™ () + Ju(2)A"(2)
where G, () and A, (z) are the non-abelian field tensor and the gluonic gauge field

(see Eq. (2.5)), while F},, is the electromagnetic field tensor given by:

Fu(z) = 8,B,(x) — 9,B,(x) (4.1)

with B, (z) the gauge field of the photon. J,(x) represents a current which is treated
as a stochastic variable with Gaussian correlation in the MV model (see Sec. 2.2.3).

The covariant derivative in the Lagrangian density is given by:
D, =0, —igA, —ieB,, (4.2)

where we can neglect the last term both due to the smallness of the electromagnetic
constant and due to a much higher number of gluons compared to photons charac-
teristic to the early stages of HIC. Moreover, we specialize our computation for only
one quark species, but it can be generalized to more than one.

The average number of produced photon is given by:

(2m) 2B = 3 (0l (F) s ()]0 (13)

Mt

, bouk (k) are the creation and an-

where \ denotes the 2 photon polarizations and b)), (k)
nihilation operators for the photon field. Using the LSZ reduction technique, Eq. (4.3)
can be written as [39, 40]:

dn 1

@nP2E G = Pulk)g [ dadiye 0D 0, )0 (1)

where Z is the photon wavefunction renormalization constant and:

P =Y _enk)e) (k) (4.5)

y
with €*(k) the two polarizations vectors of the photon. With J/(x) we denoted the

electromagnetic current given by:

Ji(w) = e¥(z)y"¥(z) (4.6)
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where e denotes the electromagnetic coupling constant. So we see that the photon
production rate reduces to computing a correlator of electromagnetic sources, and

than taking its Fourier transform.

4.2.1 Leading order expression

Let us start by computing the electromagnetic source correlator using the lowest order

approximation. Naively, the leading order approximation is given by:
(Oin| T () J(2)1050) = €*(Oin [ Tin (9)7" Vin () Pin (2)7" Wi ()| O3 (4.7)

where Wi,(x) denotes the free fields at t — —oo. Using Wicks theorem and the
definitions for the SK free propagators from Sec. 2.3, the above expression is reduced

to [39, 40]:

(O] T4 (y) T4 (2)|0) =—€® Tr[y* DY _(2,y)7"D? | (y,z)]

+e? Te[y" DY, (z,2)7" D’ _(y,y)] (4.8)

where DY denotes the free fermion propagators defined in Eqs. (2.33)-(2.36). The
above equation corresponds to the first two Feynman diagrams from Fig. 4.1. The
two diagrams represent quark and antiquark pairs produced in a background field that
radiate photons. There is another Feynman diagram that contributes to leading order
(the right most diagram in Fig. 4.1). This corresponds to an initial quark/antiquark
that propagates in the background field and emits photons. We drop the contribution
of this diagram arguing that in a HIC the first two diagrams in Fig. 4.1 have the
dominant contribution. The main difference between the two types of diagrams is
that the first two have only gluons in the initial state, while the third also has a
fermion. As we argued in Sec. 2.2, for small x the gluons are the dominant partons,
hence we expect the first two diagrams to be present in much higher numbers than
the third one. So, due to the sheer number of gluons compared to quarks, we can
neglect the third diagram in Fig. 4.1.

So why did we call Eq. (4.8) the “naive” leading order approximation? In a strong

gluonic background field, the non-abelian gauge field A*(x) is proportional to é, with
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Figure 4.1: The Feynman diagrams which contribute to leading order for photon production [40].
The x symbol represents an insertion of the electromagnetic current while the + and — indices
denote the two types of SK formalism vertices.

g the strong coupling constant. So an insertion of a gluonic line will contribute to
leading order even though the coupling constant is small. Hence, to obtain the leading
order approximation, we need to resum all the field insertions which contribute to
O(1). There are two such types of contributions. The first is given by all gluon-
gluon tree diagrams and gives rise to a resummed gauge field A*(x). The second
are resummed gauge field insertions to the fermion propagator. This means that

Eq. (4.8), which gives the first order contribution, should instead read:

(Ol Je1 (1) J21 ()] 05n) =—€* Tr[y" Do (,)7" D (y, )]
+e? Tr[y" Dy (2, 2)7" D-_(y, )] (4.9)

with D the full quark propagator in the presence of the background gauge field.
The full propagators are computed by solving the Lippmann-Schwinger equation (see
Eq. (2.43)). As we saw in Sec. 2.3, the Lippmann-Schwinger equation is solved most
easily in the RA basis. The solutions for the D, (z,y) and D_,(x,y) propagators
are given by Eqgs. (2.52)-(2.53). To find the Dy, (z,x) and D__(x,z) propagators
one uses that D, (z,z) = D__(x,z) which applied to Eq. (2.41) gives:

1

Dii(z,2) = D__(z,z) 2

Dy (z,2) + D_(x,2)]. (4.10)

Hence to compute Eq. (4.9) is enough to compute D, _(x,y) and D_, (z,y).
To do so we have to rewrite Eqs. (2.52)-(2.53) using that:

DY (#) = = [ et 0(e)2m8(a? — )= m) (410
D0_+(z, Z) = / (;Zﬂzze_iq'(z_zl) 0(q°)270(q* — m*)(f + m) (4.12)
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and also that ¢ +m = >, us(q)us(q) and f —m = > vs(¢q)0s(q) to obtain [39, 40]:

Z/ /d4zd4z' 0(¢")276(¢* — m?)
x[Dr(D)” ](I 2) €*0,(q)Ts(q)e "% (DY) Dal(<y)  (4.13)
D_.(z,y) :Z/ (3732 /d4zd4z' 0(q°)2md(q* — m?)

X [Dr(Dg) (. 2) e uy(q)us(q)e™ (DY) Dal(,y) (4.14)

which can be simplified by using the notation [39, 40]:

U@ = [ ' Da(DY (. 2) o) (4.15
W) () = / d'z [Dr(Dy) " (x, 2) €% v,(q) (4.16)

and that:

(D, 2)(—i . — m)us(q)]'° = ul(g)(i0%], — m)[Dr(x, 2)]'°
= ul(q)(i0%7, — m)[~~*Da(z, 2)7°]Y°
= —a,(q)(ip. — m)Da(z, ) (4.17)

(with a similar expression for vs(q)) to finally obtain that:

v ¢")2m8(q* — m?) U)W (v) (4.18)
Z / ¢°)2m6(q* —m?) U2 () PA(y).  (4.19)

So computing the Di(z,y) propagators reduces to computing the \I/g}g’@) (x) ex-
pressions. To do so, we use the fact that the free Dirac plane waves are solutions of

the Dirac equation, so:
[i@. —m] us(g)e™"* =0 (4.20)
which when inserted into Eq. (4.15) gives:
¢ <7
W () = [ d'z Dule, 2)[~i P —i §.] e u,(q)

- _i/ d*z OU[Dr(z, 2)yue~ " uy(q)) (4.21)
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and similarly with:
\Ifq22(x) = —i/d4z O Dg(z, z)%eiq'zvs(q)]. (4.22)

This can be simplified further by using the identity [51]:

to
lim / dt 0, / d*xF(x,t) = ( lim — lim ) / dPxF(x,t) (4.23)
t1

t1——00, tg—+00 t——+o0 t——o00
which holds for any well behaved function F(x,t). Assuming that the integrand
in Eqgs. (4.21)-(4.22) vanishes fast enough in space and also knowing the boundary

condition limyo_,., Dgr(x,y) = 0, we obtain:

Uga(e) =i fim [ &z Da(w,z)y°e " uy(q) (4.24)
\I/ffg (x) = izol—i>11;loo d*z Dp(x, 2)7%e" %0 (q). (4.25)

In the following we argue that the expressions given in Eqs. (4.24)-(4.25) are in
fact solutions of the Dirac equation (this is why they are denoted with W). Let us
start from the Dirac equation in a background gluonic field and the corresponding

equation for the retarded fermion propagator:

i@, —gA—m]¥(y) =0 (4.26)
Di(z,y)[~i @y — gA—m] = 6*(x —y). (4.27)

By multiplying Eq. (4.26) with Dg(x,y) on the left and Eq. (4.27) with ¥(y) on the
right, we obtain [39, 40]:

W(a) = =i [ @'y} Da.5)00) (429
Now using Eq. (4.23), we finally obtain:

U(z) =4 lim d*y Dr(x, y)7" ¥ (y). (4.29)

y0——o0
This means that W(x) is the solution of the Dirac equation with the initial condition
given by ¥(y) at y° — —oo.
When applying Eq. (4.29) to Eqs. (4.24)-(4.25) it is straightforward to see that

\115112 and \If[(fs) are Dirac wavefunctions corresponding to initial conditions at t — —oo
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given by a free quark wavefunction (e~“%u,(q)) and by a free antiquark wavefunction
(e'%vy(q)) respectively.
Finally, summing everything together, we obtain that the photon production rate

given by Eq. (4.4) can be written using Eqs. (4.18)-(4.19) as [39, 40]:

(27T)32E d_n P (k?) /d4.§(3d4 e—zk (y—z Z/ d3Q2
Bk Z Y — | (2m) 32E or)32E,,

< { Telyred, (@) 8D ()7 2, (1) 8P, (« >]

q1,81 q1,51 q2,52

q1,81 q1,51 q1,81 q1,81

+i Te[y* U0 () TWD (z) — 4* 02 () TP ()]

< Ty W, ()WL), () = 7 U, V), (v)]} (4.30)

q2,52 q2,52 q2,52 q2,52

4.2.2 Photon rate within CGC formalism

The photon production rate given in Eq. (4.30) poses a few challenges in a numerical
computation. The main one is given by the large number of integrals, 8 spatial ones
and 6 in momentum space. This makes any numerical method for computing the
photon production rate very computationally time intensive. So the first step is to
find a simpler form for Eq. (4.30), a form that is much easier to implement numerically.

The first observation is that the photon production rate is independent on the
spin of the quarks. This means that the sum over spins for the third and fourth lines
of Eq. (4.30) can be easily done to obtain a factor of 2 from each line, such that in
total the sum over spins cancels the 1 factor. For the second line of Eq. (4.30) we
can sum over only one of the spins (lets say s1) to get a factor of 2. We still have to
keep ZSQ since one computes the superposition between a quark and an antiquark
wavefunction. This depends on the spin difference between the two particles, but not

on the sum of those two spins.

The next simplification results from using the notations:
M) = [ ' B, (20D ) (431)
2 (k) = /d4z etk [\Ifg)(x)v“\lfg)(z) — \Tffﬁ) (x)v“llffﬁ) (2)] (4.32)

where | \¥ (k) and 2% (k) are just numbers since one sums over the Dirac and

q1, 9252
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color indices. Using these notations, Eq. (4.30) simplifies to:

dn d°qa
21328 J
(2m)°2Bi gy =P (h) 5 / o) 32qu (27)2E,,

X {2 Z 1)‘51, 4282(]{5 )\Zl q282(k)}* + 2)\51 [2)\22] *} . (433)

The polarization term P*” can also be used to simplify the calculation. Photons
have only transverse polarization, which means that k,P*” = 0. This requirement
can be fulfilled if the photon polarizations are chosen such that e, = (0,€,) with
€y - k=0 [8]. Hence we have to compute only the spatial components of ;A and
oM. Moreover, since we compute the photon rate only to leading order, the photon
wavefunction normalization constant is Z = 1.

Another important simplification results because the background gluonic field is
boost invariant (see Sec. 3.1). This makes the photon spectrum in this model also
boost invariant. Moreover, because of the boost invariance of the background gluonic
field, one of the two rapidity integrals in Eq. (4.33) can be computed analytically.
This is the case since the result should depend only on the rapidity sum for the first
term in Eq. (4.33) and on the rapidity difference for the second term in Eq. (4.33)!.

Before summing all up, it is convenient to use the notations:

1A01Tlv QT292 Z )\QT1y1, qaT2y252 (k) [1 )\ZlTﬂ/h ar2y252 (k)] ’ (434)

y1=0

2AQT17qT2y2(k) = 7«7 QAquyl (k:) |: )\‘ZlT2y2(k:)j|* (435)

y1=0

with ¢, 7 running from 1 to 3 and with y; 2 denoting the rapidity corresponding to
the 4-momentum ¢, » in Eq. (4.33). With qr we denote the transverse momentum

vector. Now Eq. (4.33) simplifies even further to:

d 62 d2QT1 d2qT2 2Ymazx
2 32E d 2 max ~
(2m)° 2B 5 =162 / (2m)? (2n)? /_ - vz (2y [v21)

X [2 1Aq"r17 QT2y2(k) + 2AQT17 Qszz(k)] (4'36)

!The difference between the two cases arises since for the first term in Eq. (4.30) we project a fermion

wavefunction onto the wavefunction of its antiparticle while for the first term in Eq. (4.30) we project

a fermion wavefunction onto itself.
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where y,,.. denotes the integration limits over the fermion’s rapidity interval, i.e.
ff’;’:; dy. To obtain Eq. (4.36) we computed analytically the y; — y, integral for the
1A(k) term. As we argued above, due to boost invariance of the background field,
the 1A(k) term should depend only on y; 4+ y» but not on y; — yo. The next step to
obtain Eq. (4.36) is to replace the remaining y; + 3, integral® with a y, only integral
computed for y; = 0. For the 2A(k) term we did a similar computation. In this case
we analytically computed the y; + yo integral and than we replaced the remaining
11 — Yo integral with a y, only integral at y; = 0.

Even though Eq. (4.36) looks much simpler, there are still 4 integrals over the trans-
verse momenta of the initial quark and antiquark. For the second term in Eq. (4.36)
this is not such a great problem, since one needs to compute only a two dimensional
transverse momentum integral of the 1\, term (see Eq. (4.33)). This then can be
squared to obtain the total contribution of the second term to the photon production
rate. The problem is different for the first term from Eq. (4.36), since no similar solu-
tion can be applied. But the 4 dimensional transverse momentum integrals can still
be simplified by using that the initial color charge configuration is given by a random
distribution in the transverse plane. Thus, as long as we average over a large enough
number of configurations of initial charge, there is no preferred transverse direction.
So the 4 transverse momentum integrals reduce to 3 integrals?. When taking this into
consideration, the transverse spectrum of photons becomes:

2 2Ymaaz
o s [t | @92 (mas — 2]
X (21871, arays (F) + 207, grays (K)] (4.37)

where o, = % is the electromagnetic constant and g, represents the magnitude of

the transverse momentum qry.

1Since both the quark and antiquark rapidity vary between —tmaz tO Ymaw, the rapidity
sum/difference varies between —2ymae 10 2Umar (hence the integration limits over rapidity in

Eq. (4.36)).
2The same reasoning also holds for the second term in Eq. (4.36), but as we argued above, this

simplification is not needed since there is an easier way to compute the contribution of this term.
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4.3 Numerical results

The parameters of the numerical model are, as in the case of quark production,
the quark mass m, the strong coupling constant g, the physical area of the system
mR% and the average density of charge fluctuations squared p. On top of these, an

additional parameter is the electromagnetic constant « whose only influence is

EM?

to rescale the photon spectrum. For the numerical simulations presented here we

take g = 2, a,,, = -, TRY = 141 fm?, m = 0.3 GeV and p = 0.5 GeV. Also, all

the results presented are computed for mid-rapidity photons (y, = 0), unless stated
otherwise.
As for the quark pair production calculations, we consider a N2N, = 180% x 400

T 2 . . . .
lattice with transverse lattice spacing a = ]ff{‘, longitudinal lattice spacing a, =

0.2 a and time step a, = 0.02 a.

4.3.1 Numerical tests

In this section we analyze the dependence of the numerical results on different pa-
rameter values. In this case we plot all our results in lattice units since the important
part is to compare between different numerical results and not to compare with ex-
perimental data.

The first important test is the dependence of the numerical results on the transverse
lattice size. In Sec. 3.5.1, we observed that gluon multiplicity at high transverse
momentum is strongly dependent on the transverse lattice size (see Fig. 3.3). The
left panel in Fig. 4.2 shows a typical contribution to the photon spectrum for a given
pair of (qr1,qr2) initial fermionic transverse momenta. As expected, the spectrum at
high kt (photon transverse momentum) does depend on the transverse lattice size.
For a N? = 180 transverse lattice, we expect to have lattice size distortions of the
spectrum only for momenta larger than 4 GeV (see left panel in Fig. 4.2). Thus we
limit our photon spectrum calculations to k7 < 4 GeV . We will discuss at length the
large single point peak later on.

Due to computational time limitations, we averaged the numerical results only
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Figure 4.2: Left: The 1A(k) term for different sizes of the transverse lattice. Right: The ;A (k)
term for different configurations of initial color charge. All results are averaged over 5 different
configurations of color charge. Two of the numerical results plotted in the right panel show only the
difference from the “standard” result (see text for additional details).

over 5 different configurations of initial color charge. To get an estimation of the
statistical error, we compared results for the same values of the parameters, but
averaged over different initial charge configurations (see the right panel in Fig. 4.2).
The numerical simulations show that by averaging only over 5 charge configurations
we have a statistical error around 10-15%. This can be seen from the right panel in
Fig. 4.2, where the relative differences between values of 1 A(k) obtained for different
charge configurations are under 15%.

Comparing results for different parameter values can be tricky since the difference
is difficult to estimate from logarithmic scale plots with a wide vertical range. To
overcome this problem, we plot one of the results (which we call “standard”) while
for the rest we plot only the difference from the “standard” one. This type of plots
are denoted with a T symbol in the legend (see Figs. 4.3 and 4.4).

The numerical algorithm for the time evolution of the Dirac wavefunction (see Sec.
3.4.1) needs to store the two components ¥+ of the Dirac field at different time steps.
But Eqs. (4.31)-(4.32), which give the values of 1\ and 9\ and implicitly the photon
rate, are defined for ¥* at the same time step. To overcome this problem we can
bring both U* components to the same time step or we can take the time step a.
small enough such that even though U* are known at different steps, this does not

affect significantly the photon production rate. We choose the second option since it
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Figure 4.3: The 1A(k) term for different values of the time step size. T We plotted only the difference
from the “standard” result (see text for additional details).

minimizes both the memory requirements and the computational time. In Fig. 4.3 we
compare a typical ;A(k) contribution to the photon spectrum computed for different
time step sizes. We observe that even for a, = 0.03a, the numerical error due to the
finite time step size is much smaller than other statistical and systematic errors (see
Figs. 4.2 and 4.4).

In Sec. 3.5.3, we obtained that the quark pair production amplitude does vary
quite strongly with the longitudinal lattice size and lattice spacing (especially for
small quark masses and small longitudinal lattice N, < 400). We attributed this
problem to the oscillation of the longitudinal z integral on the integration boundaries
which are the two lattice endpoints. When computing the photon spectrum we have a
similar problem, since for example Eq. (4.31), when written in (7, z, X1) coordinates,

it reads:

“m Tdz . —— iy
A (yy, kr) = [ dr 7 etk (V72422 coshyy—zsinhy,)
1q1, q2s2 y'y> T \/ﬁ

—zy T+ z

x/dQXTe_ikT'xT T2 (7, Z,XT)’}/M\II((IP(T, z,xp) (4.38)

q2,52

where with y, and kr we denoted the photon rapidity and transverse momentum
respectively. We expect the above expression to be a highly oscillatory function of
the longitudinal integration boundary z,;. To overcome this problem, we compute

Eq. (4.38) for different limits of the z integration, after which we take an average of all
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these results!. The results presented here are an average over zj; values from %zmax to
Zmae (With 22,4, the longitudinal lattice extension). To be able to get a precise result
for Eq. (4.38) the averaging interval over zj; has to have several periods of oscillation.
The variation of { A(k) with the size? of the longitudinal averaging interval is given in

the left panel in Fig. 4.4. From there we can see that different sizes for the averaging

— szeaN
size=a,N /8"
"""" size=aN,/16" ||
“““““““ SiZe:OT

N (K)

05 1 15 2 25 3 35 4
kt (GeV) kr (Gev)

Figure 4.4: Left: The 1A(k) term for different limits of the averaging procedure for the longitudinal
spatial integral. Right: The ;A(k) term for different longitudinal lattice spacings. T We plotted only
the difference from the “standard” result (see text for additional details). ¥ Result obtained for a
longitudinal lattice size N, = 600.

interval give results up to 10% different. This is expected since our longitudinal lattice
is not large enough for the averaging interval to contain several oscillation periods of
the function given in Eq. (4.38). This problem becomes less important as we study
larger quark masses, such that for m > 1 GeV this difference becomes negligible.
This dependence of the result on lattice size can be removed by taking the continuum
limit of the numerical results.

We also studied the behavior of our numerical results on the longitudinal lattice
spacing a,. From the right panel in Fig. 4.4 we observe that changing a, results

in about 10% relative difference, but this is due to changing the maximum lattice

!This is the same method that was used for quark pair production computation. For more details

about the method see Sec. 3.5.2.

2We define the size of the longitudinal averaging interval as zfie@imum _ yminimum ' where we always
take Zpperimum — o .. A larger value for “size” means we averaged over more longitudinal lattice

points.
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extension!

. The discretization errors due to a, are minimal as can be observed by
comparing the two lowest most curves in the right panel of Fig. 4.4. Both curves are
obtained for the same lattice extension z,,,, = 60a, but in one we have a, = 0.3a and

N, = 400 while in the other we have a, = 0.2a and N, = 600.
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Figure 4.5: Left: The dependence of the 1 A(k) term on the quark rapidity y; and antiquark rapidity
y2 when y; +y2 = 0 . Right: The dependence of the 1A(k) term on the quark rapidity y; and
antiquark rapidity y» when y; —y2 =0

In Fig. 4.5 we have 1 A(k) for different quark and antiquark rapidities. We see that,
up to numerical errors (compare to Fig. 4.8), 1A(k) is independent on the rapidity
difference between the quark and antiquark. But ;A(k) does depend on rapidity sum
of the quark rapidity y; and antiquark rapidity ys, as can be seen in the right panel
in Fig. 4.5. A larger y; 4+ y» value makes the spectrum smaller and flatter.

We observed that the second term in Eq. (4.36) gives a negligible contribution
to our numerical results. The 5A(k) term, for a given pair of transverse momenta
(dT1,9qr2), has a similar contribution (in absolute value) to 1 A(k) for the same trans-
verse momenta. But since the s A(k) term can have both positive and negative values,

the sum 9Aqp,, qrs +2A is more than 2 orders of magnitude smaller than just

oA

qT1, —9qT2

ar1, qre (See the left panel in Fig. 4.6). Because of this reason, the contribution of
the second term in Eq. (4.36) can be neglected when compared to the contribution of
the first term (see the right panel in Fig. 4.6).

It may be that the second term in Eq. (4.36) brings no contribution at all to the

!Since in our implementation a, is given as a function of the transverse lattice spacing, when changing

a, we also change the longitudinal extension 2z,,,, of the lattice.
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Figure 4.6: Left: The upper curve gives o A(k) for a given pair of transverse momenta (qr1,qr2). The
lower curves give the sum of two 2 A(k) terms corresponding to the pairs (qT1,qr2) and (qr1, —qr2)
for different qprz. The sum of the two contributions is 2 orders of magnitude smaller than one of
the contributions. Right: Comparing the contributions to the photon rate given by the ;A(k) and
2A(k) terms for the same pairs of transverse momenta (qr1,qrz2). The upper curve is 2(1 Aqry, qra +
1Az, —qre) While the lower curves is oAgry, qre + 2Mqr1, —qre- The factor of 2 arises since 1A has
a twice as large contribution to the photon rate than A (see Eq. (4.36)).

photon production rate. This is the case if the vacuum of the theory is invariant
under charge conjugation!. The difficulty arises since the vacuum is not that of a
free theory due to the background gluonic field. Some of the Feynman diagrams
which give the resummed second diagram from Fig. 4.1 can be easily shown to be
identically 0. For example the second diagram from Fig. 4.1 with no gluon insertion
is 0 due to Furry’s theorem, the same diagram with one gluon insertion is 0 since its
contribution is proportional to Tr[t,] = 0 while the diagram with two gluon insertions
is again 0 since is proportional to 2 Tr[t,t,] = 04 times the QED tadpole diagram
(which is 0 due to Furry’s theorem). For some other diagrams, if it is indeed the case,
the calculations to show that they are 0 are more involved. And the rest of these
diagrams cannot be neglected since they also contribute to leading order. Numerically
we cannot show that the contribution of the second diagram in Fig. 4.1 is 0 since we
do not expect to have a precision higher than 2 decimal digits.

Fig. 4.7 shows the typical contributions to the photon spectrum given by different
fermion transverse momenta. The contributions vary on a wide range, with the

small transverse momenta having an individual contribution more than two orders of

Tf the vacuum is invariant under charge conjugation, than according to Furry’s theorem, the second

diagram in Fig. 4.1 is 0.
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Figure 4.7: The 1A(k) contribution to the photon spectrum for different quark and antiquark initial
momenta. The curve are ordered in increasing fermion transverse momenta, such that the curve
labeled with 1 gives 1 A(k) for small fermion transverse momenta while the curve labeled with 4 gives
1A(k) for large fermion transverse momenta.

magnitude larger than the one rising from large fermion transverse momenta.
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Figure 4.8: The 1A(k) contribution to the photon spectrum for different photon rapidities y. .

Due to gluonic field boost invariance, we expect that the photon spectrum is
rapidity invariant. This is not automatically satisfied by our numerical code since we
use z as the longitudinal variable. Fig. 4.8 shows that indeed, up to numerical errors,
the photon spectrum does not depend on photon rapidity.

We still have to discuss about the peak structure in the function ;A(k) (see for
example Fig. 4.7). For a pair of fermion transverse momenta (qr1,qrs2), the peak

is located at photon momentum kt = (g1 + ¢u2, @1 + ¢y2) and has a height 102 to
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10° times larger that the rest of the ;A(k) values. The peak is not a product of
the numerical calculations, but is given by the form of the initial condition for the
quark/antiquark wavefunction at 7 = 0 (see Eq. (3.37)). Let us analyze this in more
details, to better understand what gives rise to the peak. Eq. (3.37) for a quark can

be schematically represented as:
U (r=0,2,%x1) =[...] 97T u(q) (4.39)

with a very similar expression for an antiquark. With [...] we denoted a complicated
matrix structure whose exact expression is not important for a qualitative discussion.
At a later time 7, \If((ﬁ)(T, z, %) will have a similar form as in Eq. (4.39), just that
the matrix denoted by [...] will have another form due to time evolution. Now, when

computing 1A defined in Eq. (4.31), we obtain:

Wy = [l 7 U, (200 (@)
x /d4x e~ikr—am—arz2)xr [ (7 5 x) (4.40)
where in [...](7, z,xT1) we incorporated all the terms that do not play an important
role in our qualitative analysis. We do not expect [...](7, z,xt) to have a strong

behavior on the transverse coordinate, so the above expression should have a large
peak at kt = qr1 + qr2. This peak is a smeared down delta function. Similarly,

when computing oA defined in Eq. (4.32), we obtain:

2\ = /d4x etk [\If(l)(x)v“\lfép(z) — @(2)(93)7”\11[(1?)(@}

q1 q1
x /d4x e~krxT [ (1,2, %) (4.41)

thus oA (and implicitly 5A) has a large peak only at kt = 0.

The kt = 0 peak in oA can be dealt with easily, by not computing the spectrum at
kt = 0. For 1A, since the peak shifts positions with qri + qr2, we have to develop
a procedure to compute the contribution of the peaks to the final photon rate. The
first step consists of reading the value of the peak, which is just the value of A(k) at
kt = qr1 + qr2 since the peak is several orders of magnitude higher than the rest of

the 1A(k) values.
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Figure 4.9: The dependence of the 1 A(k) peaks on photon transverse momentum for a set of 140
different (qT1,qr2) pairs. The 1A(k) peaks plotted here are multiplied by Eq. (4.42) (see text for
details).

The next step is to identify what is the overall contribution of such a peak to the
final photon spectrum. For a given kt = %(nx, n,) with n, , = —% +1,..., % there
are 4(% — nx)(% — n,)* different (qr1,qre) pairs that satisfy ke = g1 + qra2. So

2

the total fraction of fermion transverse states that give a peak at ky = £ (n,, n,) is

given by:

(2) 9 —na . (142)

The contribution of the peaks to the photon spectrum is given by Eq. (4.42) multiplied
with the average value of the ;A peak height at kr. This contribution for a large
set of fermion transverse momenta is shown in Fig. 4.9. We see that for a given kr
value, the peaks heights vary by up to 2 orders of magnitude. Moreover we also see
a dependence of the peak heights on the photon transverse momentum, dependence

that will be analyzed in more detail in the next section.

4.3.2 Numerical results for photon spectrum

To compute the photon spectrum we have to sum 1A(k) over all the initial transverse

momenta of the quark and antiquark and integrate over the rapidity of one of the

IThe equation n = nq + ne with n = —% +1,..., % and ny o = —%, R % has 2(% — n) solutions
for n odd and 2(% —n) + 1 solutions for n even. To keep the notation simple we take that there are

only 2(& — n) solutions.
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fermions. Hence we need to calculate a five dimensional integral (which reduces to
only a four dimensional integral if we take into consideration that the transverse
plane has no preferred direction - see Sec. 4.2.2). We choose to compute the five
dimensional integral using a Monte Carlo algorithm. We randomly generate a set of
transverse momenta and quark rapidity, and for each element in that set we compute
the contribution it brings to the photon spectrum. The final photon spectrum is given

by the average of the contributions given by each element in the set.

dN / dy d%; (Gevd)

kr (GeV)

Figure 4.10: The upper curve gives the ;A contribution to the photon spectrum of the first term
after removing the peaks. The lower curve gives a statistical error estimate for the Monte Carlo
method use to compute the multidimensional integral.

The result of the Monte Carlo method is independent on whether we compute the
photon spectrum using a five dimensional integral (see Eq. (4.36)) or using a four di-
mensional integral (see Eq. (4.37)). The only difference between the two cases consists
in the probability distribution that we use to generate the set of transverse momenta
and quark rapidity values. The probability distribution has to be proportional to the
density of states in the phase space (qr1,qre,y2). This is straightforward to imple-
ment for the five dimensional integral, but more complicated for the four dimensional
integral case, thus we choose the first case. Due to an oversight, the results obtained

in this section are computed only for the fermion rapidity y, = 0.
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Fig. 4.10 shows the photon spectrum obtained using a randomly generated set
of 140 (qr1,qr2) values. The statistical error due to the integration method was
estimated using a jackknife method. For a set of 140 values, the standard deviation
for the photon spectrum due only to the Monte Carlo integration method is around
15%, with slightly higher values for k7 < 1 GeV. This error is similar to the one

obtained by averaging only over 5 different configurations of initial color charge.
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Figure 4.11: The data points represent the contribution of the 1 A peaks to the photon spectrum. The
curve represents an exponential fit of the data with the parameters given in the legend. Each data
point represents an average over 5 or more peak contributions at that given transverse momentum.
The error bars represent statistical errors computed using the jackknife method.

The results from Fig. 4.10 are not the only contribution to the photon spectrum.
The second contribution is given by the peaks in the first term of the photon rate
(see Eq. (4.37)). Since the peaks heights vary by more than 2 orders of magnitude
for a given kp photon momentum, we took an average of those values for each kr.
The results are shown in Fig. 4.11 where we see that the results are consistent with
an exponential decaying function on kr.

Fig. 4.12 shows the two contributions (the ;A term with the peaks removed and
the peaks) as well as their sum which gives the total photon spectrum. We see that
the two contributions are similar, with the peaks being the dominant contribution for

kr <1 GeV while the ;A term becomes dominant for kr > 1.5 GeV. The numerical
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fFigure 4.12: The total photon spectrum for quark mass m = 0.3 GeV and u = 0.5 GeV at 7 = 0.25
m.

results from Fig. 4.12 correspond to 60 produced photons for k7 < 4 GeV, 40 of them
are given by the continuum spectrum of ;A and 20 by the peaks contribution.

The results presented in Fig. 4.12 are computed for quark rapidity y; = 0 and
antiquark rapidity y» = 0. From Fig. 4.5 we see that the ;A term is independent on
the y; —yo value but does depend on the y; + 15 value. When also taking into account
this dependence on y; + y2, we expect that the total photon spectrum to be around

15% lower!.

4.4 Discussion and conclusion

In this section we showed that photon production for HIC in the CGC formalism is a
feasible task. Starting from a complicated general expression for the photon produc-
tion rate [39, 40], we simplified the equations using symmetries and properties of the

CGC and MV models. This is an important step since it reduces considerably the

Tn the right panel in Fig. 4.5 we see that by going from y; 4+ y2 = 0 to y1 + y» = 1 the amplitude of
the spectrum decreases by a factor of two. For a rough estimation we can take this decrease to be
linear with y; + y2. When inserting this ansatz in Eq. (4.36), we obtain that the total spectrum is

17% lower than the one computed for y; = yo = 0 - spectrum shown in Fig. 4.12.
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computational time and resources. We continued by testing the numerical algorithm
for different parameters and lattice sizes. We observed that the main contribution
to the photon spectrum is given by the first Feynman diagram in Fig. 4.1, with the
second diagram suppressed by at least an order of magnitude, if not more. The con-
tribution of the first Feynman diagram can be split into a continuous spectrum plus
a prominent peak at kr = qr1 + qr2. Both give similar contributions to the final
photon spectrum, so we must compute both of them. We ended with the computation
of the total photon spectrum. Even though we have to compute a five dimensional in-
tegral using the Monte Carlo method, we obtain a relatively small standard deviation
(under 20%) for just 140 steps in the Monte Carlo integration method.

We do not expect our results to give a good description of experimental data due to
the very simple model that we used to describe the HIC. One of the major drawbacks
is given by the modeling of the transverse plane where we took the same charge
density squared everywhere. But in a real nucleus we expect the charge density
square to be the largest in the center and then to decrease as we go towards the
nucleus boundaries. In Sec. 2.2.3 we argued that the static color charge is given
by independent fluctuating charges. This means that the correlation (p®(xt)p’(yT))
(given in our simple model by Eq. (2.31)) needs to be proportional with the nucleus
thickness. Such a requirement raises another problem, since the fields in such a model
have long Coulomb tails outside the nuclei [27]. Physically this is not the case, since

due to confinement effects not included in our classical model, the gluonic fields should

decay at distances ~ . To solve this problem, Refs. [52, 53] propose to impose

1
AQCD
color neutrality of the sources at a length scale of the order of a nucleon radius.

The small k7 region (k7 < 2 GeV) of the photon spectrum is dominated by thermal
photons [48]. Thus, to be able to compare our numerical results with experimental
data, we have to use larger transverse lattices, such that we compute the photon
spectrum up to higher k7 momenta. Further improvements may also require the
expansion of the model for the color gauge field from 2+1 dimensions to the full 3+1

dimensions by dropping the boost invariance requirement.
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CONCLUSION

In this thesis, we studied what are the predictions of the classical field model de-
veloped in [24, 25, 26] for quark and photon production in HIC. More specifically,
we modeled the first instants of AA collisions using a boost invariant classical field
theory in the framework of the CGC and MV formalisms. Both quark and photon
production are important observables in HIC, observables that allows us to discover
and understand new states of matter, like QGP. Photon production is especially an
useful observational tool, since compared to partons, photons, once created, have a
very small probability of interacting again. Thus photons are very good probes for
all the stages in HIC.

In Sec. 3 we independently verified the numerical results from [29, 30, 31] for
quark production in the CGC formalism. In doing so, we developed an iterative
method for solving the non-linear system of equations that gives the initial condition
for the gluonic field. We found this method to be much faster than typical simulated
annealing methods that were used before.

In Sec. 4 we started from the photon production rate in the CGC formalism
[39, 40]. The first step was a simplification of the expression using symmetries and
properties of the CGC and MV models. We found that from the two Feynman
diagrams included in our study, one has a much larger contribution than the other
one. The dominant diagram is given by a continuum spectrum with a large peak
superimposed on top. The continuum spectrum and the peak contributions have
similar values, hence both of them have to be included in the final photon spectrum

calculation. To the able to compare with experimental results, further improvements
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are needed like taking into consideration the dependence of the charge density squared

on position in the transverse plane.



A

COORDINATES TRANSFORMATIONS AND DIRAC EQUATION

This section serves as a short reminder of coordinate transformations and basic facts
about Dirac matrices and spinors. We start with a short overview of the most im-
portant coordinate systems in HIC physics, with emphasis on the coordinate trans-
formation rules for tensors. In the second part we present our convention for the
Dirac matrices, define some useful projection operators and analyze their action on
the Dirac field. We end this section with a short overview of Dirac spinors, where we
give explicit expressions for the quark and antiquark spinors for a general momentum

direction.

A.1 Coordinate transformations
Starting with the Cartesian coordinates (¢, z,xt), described by the metric g, =
diag(1,—1,—1,—1), we define light cone (LC) coordinates (z*, 2™, xT), proper time

7 and space rapidity 7 (quantities which are very often used in HIC physics) via:

o= S(ttr) = %7‘6*’7
T o= VJt2—22 = xtar— (A1)
no= im(E) = im(Z)

relations which can be inverted to obtain:

t = Lxt+27) = 7tcosh
\/5( ) n (A.2)
z = %(m* —27) = 7sinhp
During a coordinate transformation, the first rank tensors transform via:
, Ozt oxt
wo_ p L= =
AF = o A A, S (A.3)
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where p denotes the tensor in the old coordinates and p’ denotes the tensor in the
new coordinates. The above expressions give the transformation rules for a rank 1
tensor, but they can be very easily generalized to multiple rank tensors. For example

the metric, which is a rank 2 tensor, transforms as:

ozt dz¥

6 = — .
it ozH dxv' Juw

(A4)

The above equation can be applied to find the metric in the other 3 coordinate systems
widely use in this thesis: (x%,27,x1), (7,7, %71) and (7, z,xt). The easiest way to
do so is to start from Cartesian coordinates and use the relations defined in Egs.

(A.1)-(A.2), to obtain:

01 0 O 1 0 0 0
Lo 10 0 O 0 -1 0 0
g/u/(x » L ,XT): g/W(TvnvxT):

00 —1 0O 0 -1 0
00 0 -1 0 0 0 -—72

10 0 2

0O -1 0 O

g,uu<7-7 z7XT> =
0O 0 -1 0
: 0 0 -1

Another useful example is to see how the gauge field A, transforms from the

(1,m,x1) coordinates to the (7, z,xt) ones. Using Egs. (A.1)-(A.3) we obtain:

z

A=A —— 4 A5
A (4-5)
A= L 4 (A.6)

NGET
and with the A, and A, components remaining the same. In the above equations, on
the left hand side are the fields in the (7, z,x1) coordinates and on the right hand

side the fields in the (7,7, x1) coordinates.
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A.2 Dirac matrices

In this thesis we choose the v matrices in the Weyl or chiral basis (the same as in [8])

which for the case of 3 spatial dimensions are given by:

0010 0 0 01
o 0 001 - 0 0 10
V= 7=
1 000 0 -1 00
0100 -1 0 00
(A.7)
0 0 0 —g 0 01 0
0 0 7 O 0 00 -1
V= 7=
0 ¢« 0 O -1 00 O
— 0 0 0 0 1 0 0
and which satisfy the relation:
{97} = 2¢". (A.8)

The above equation is the definition of the Dirac matrices. The matrix g is the metric
in Cartesian coordinates.
In HIC physics, the dynamics of the theory can be simplified using the projection

operators
+ 1 0.3
P==51£977), (A.9)

whose explicit expressions in the chiral basis are given by:

00 0O 1 0 0O

01 00 00 0O
Pt = P =

0010 00 0O

00 0O 00 01

Using the definition in Eq. (A.9), it is easy to check that indeed the two matrices
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satisfy the properties of projection operators:

P:I:P:I: — P:I:
PTPT =0
PY+ P =1.

Moreover, using Eqgs. (A.8)-(A.9), it can be shown that:

1 1 1 . .

1
Pt =2(1£4%%) = ﬁvovi = ﬁvﬂo =577 (A.10)

where the LC Dirac matrices 4+ are defined as:

yE = %(70 +7°). (A11)

Another important aspect is the action of the projection operators on the Dirac
field. In the following we use the notation P*W¥ = U* In the chiral basis, the U=
components of the Dirac field have each only two nonzero Dirac components. So the

Dirac field, in terms of Dirac components, is given by:

0, 0 0,
v 7 0
v=| 7|, with ut=|° U = . (A.12)
Uy Uy 0
U, 0 U,

Another important property for the U+ components is given by:
P3UE = LU (A.13)

which can be shown to hold using Eq. (A.10) for any representation of the Dirac ma-
trices. This relation is necessary to obtain the Dirac equation for each ¥+ component
in the (7, z, xT) coordinate system.

For the 1+1 dimensional case we chose the following basis for the Dirac matrices:

T 3= ) (A.14)
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Now the projection matrices take the form:

10 [0 o0
pt = P = . (A.15)
0 0 01

Eq. (A.10) holds also for the 141 dimensional case.
The Dirac field in 1+1 dimensions has only two Dirac components. In the chiral

basis the two components are given by ¥* such that:

U= (A.16)
-

where in this case UF are just color vectors.

A.3 Dirac spinors

In this section we follow the approach given in [8] and [51]. The plane wave solutions

of the Dirac equation are given by:

Uy (z) = e P u(p) (A.17)
Wy(x) = P v(p) (A.18)

where Wy () is the positive energy solution and Wy () is the negative energy solution,
such that p° > 0 for both equations. The above two wavefunction must be solutions

of the Dirac equation, hence they must satisfy:
(i —m)¥ys(x) =0. (A.19)
Taking the solution given in Eq. (A.17) and inserting it into Eq. (A.19) leads to:
(Puy"* = m)u(p) =0 (A.20)

which can be evaluated most easily in the rest frame of the particle, i.e. when p = 0.

Now, the above equation reduces to:

(7° = Du(po) =0 (A.21)



A.3 Dirac spinors 101

which has two solutions given by:

u®(po) = v/m ¢ ¢ = ! ¢ = ’ (A.22)

£ 0 1
where av=1,2 denotes the two possible solutions of Eq. (A.21). The two values of «
denote the two different spin orientations of fermions in 3 spatial dimensions. In the
expression for u(p) we choose a y/m factor such that we satisfy the normalization
condition u*u® = 2md*”. The quantity u®(py) denotes the Dirac spinor solution only

in the rest frame, i.e. py = (m,0).

Similar calculations using Eq. (A.18) give:
(puY* +m)v(p) =0 (A.23)

which in the rest frame of the particle give:

a

v*(po) = vVm n
—n“ 0 1

(A.24)

I
=
I

where again o= 1,2 and v*(py) denotes the Dirac spinor solution in the rest frame
when py = (m, 0).

Once we have the Dirac spinor in the rest frame, by boosting we can obtain the
general solution in any frame. Using the approach given in [51], the general solutions

are given by:

« _ pu'yu + m ua
u®(p) = —Qm(m o) (po) (A.25)
0(p) = 2L o), (A.26)

V2m(m+ E)
It is straightforward to check that the above satisfy Eq. (A.20) and Eq. (A.23) re-

spectively. This is obvious since (p,y* + m)(p,y* —m) = p*> —m? = 0. Component
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wise, the above equations read:

m+ E —p, _(pm_ipy>
u'(p) = —F—= u(q) = ———
2(m+E) | m+ F +p. 2m+E) | p,—ip,
Do + 1Dy m+ E —p,
m+E —p, —(pz — i py)
2m+E) | —(m+ E +p.) 2m+E) | —(p.—ip,)
—(pz + 1 py) —(m+ E —p.)

where T and | denote the two spin orientations. Eqgs. (A.25) and (A.26) are chosen

such that the following normalization conditions are satisfied:

wu” = —v*v” = 2mo? (A.27)

v’ = —v*u” = 0. (A.28)

In the case of only 1 spatial dimension, very similar calculations give:

1 m-+E+p, ez?
ulp) = 50— =vm| | (A.29)
(m+E) \m+E—p, e 2V
1 m+E +p, eV
o) = = vm e (A.30)
2(m + E) —(m+ E —p,) —e 2Y

As can be seen from above, in 1 spatial dimensions the Dirac particles do not have

spins. As previously, the Dirac spinor are normalized such that:

uu = —ov = 2m (A.31)

uv = vu = 0. (A.32)



B

ADDITIONAL NUMERICAL DETAILS

In the previous chapters about numerical simulations we included mostly details on
how to go from the analytical Dirac equation to a stable Dirac equation on the
lattice. In this chapter we focus mostly on the programming and algorithm details
necessary for writing a memory and time efficient code. We start by discussing the
initial condition which is complicated due to a transverse momentum integral for each
point of the three dimensional spatial lattice and also due to operations with 12 x 12
matrices (for the special case of SU(3)). We continue in the next section with a more
in depth look at the linear system of equation that we have to solve to evolve the
Dirac field at each time step. We end by presenting the algorithm diagram for the

time evolution of the gauge and Dirac fields.

B.1 Implementation of the initial condition in 3+1 dimen-

sions

The initial condition for the 3+1 dimensions calculation given by Eq. (3.37) presents
several challenges. First, for each spatial lattice point there is a transverse momentum
integral. Computing these momentum integrals in the form given in Eq. (3.37) can be
very time consuming. Just by splitting the initial condition in the sum of a few term
which depend only on a Fourier transform in the transverse plane the code become
much faster, especially if one makes use of the FFTW libraries. Depending on the
size of the lattice, such a trick can decrease the computation time by over 100 times.

Moreover, when working within the SU(3) gauge theory, the Dirac field has 12 entries
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(4 from Dirac components times 3 from the color structure). So if one does not pay
attention to write Eq. (3.37) for each Dirac component, than one ends with operations
involving 12 x 12 matrices, which is very time and memory inefficient, especially since
most of the entries are 0.

In this section, for readability and simplicity in notation, we work with the contin-
uous form of the initial condition for the Dirac wavefunction. But when implementing
these details numerically, one has to pay attention to take into account the changes
that arise when going from the continuum to a discrete lattice. These changes are
presented in Sec. 3.4.3.

We start by splitting Eq. (3.37) in a sum of transverse Fourier transforms. First,

let us define the following quantities':

!These functions do not have any physical meaning, they are just useful in computing efficiently the

initial values of the Dirac field.
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d2kT —ikT'XT
(2m)?

d2kT —ikT'XT
(2m)?

d2kT —ikT'XT
(2r)"
d2kT —ikT'XT
(2m)?

-
o
o
/
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2
d kT —ikp-XT

= | oy

2
d kT —ikT'XT

e

(2m)?
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d kT _ k
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Yq w2
(ke +4.) Uy (k) exp (Z by
q

ev(|z| —Z))

2wq
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Wi tq
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a2\
2w,
p (el 9)

q 2wq
(k, + Qy)i—qu&)(kT) exp (Z_wz+q6_;‘;(q|z| + z))
(—m) e;zq U(TQ)(kT) exp (iwzﬂe_:;(ld * Z)>
(k. +qx>U§2>(kT>%+q [exp (z‘”’%”e_;;(f' ”)) - 1}
b+ )y ) g o (F0 ) ]

(—m) U(TQ) (k) 21 {exp

Wi 4q

<Z.w£+qe‘yq(|z| +z)) B 1}

2wy

where A;, B;, C; and D; (with ¢ = 1,2,3) represent functions that depend on the

position in coordinate space (i.e. (X, 2)). One must be careful since this functions are

3 x 3 matrices for the SU(3) case. These discrete functions can be computed relatively

fast using a Discrete Fourier Transform (DFT) library like FFTW. Moreover, at some

lattice points some of these functions are identically 0, so the computations can be

simplified even further. We have the following:

e For z < 0 we have |z| + 2z = 0, hence D; = 0 and B; takes a much simpler form.

e For z > 0 we have |z] — z = 0, hence C; = 0 and A; takes a much simpler form.
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with ¢=1,2,3. So for each lattice point on the z direction one has to compute only 9
two-dimensional Fourier transforms.
Using the notations given above, Eq. (3.37) reads:
U(0,xr,2) = { PTUq)(x1) (V07! Ay + 772 Ay +7°As)
+P7yliyy - Dr — m]Uq) (x1) (1°7'Ch +7"7°C +1°Cs)
+P~Ug)(xt) (77" B1 +7°7*By ++°Bs)
+ Py liyp - Dy — m]Ug) (x1) (7'7' D1 + 77 Da + WODs)}

X AT 4(g) (B.1)
where Dt denotes the transverse covariant derivative, such that it can be distin-
guished from the D; matrices. Eq. (B.1) suggests that we can define the following
quantities:

Ay = Uy (x1) gtarxT A,

Cy; = iD; [Upy(xp) e 9m*T O]
Cyj = 1Dy [Upy(xx) €97 ]
Cs; = —mUq)(xr) e 97T
By; = Uggy(xt) e "97*T B,

Dy; = iD; [Up)(xp) e9*T D]
Dy; = iDsy [Ugg)(x1) €97 D]
Ds; = —mU(g)(xt) € "9"*T D;

with j = 1,2,3. The above notations reduce Eq. (B.1) to:

U(0,z,x7) = {P+(’YO’YlA11 + %2 Asg + 1  Asz)
+ P7(C11 —7'"y*Cra — ¥'Ciz — v*7'Co1 + Cog — ¥ Cas
+7'Cs1 +7°Csz + Css)
+ P~ (y"y' By +7°v*Bi2 +7°Bi3)
+ P™(Dy1 — 7172D12 — ' Dy — 72’71D21 + Doy — 72D23

+ ' D31 + D3y + D33) } v(q) (B.2)
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where we used that 7°9° = 1, y'4! = 4242 = —1 and %4%? = —4124°. Now, using

the explicit expressions of the Dirac matrices given in Eq. (A.7), we can write the

Eq. (B.2) explicitly for all Dirac components of ¥ (components that we denoted with

0 to 3):

\I][O] = (Cn + 022 + 033 +1 012 —1 Cgl) U[O]
+ (—BH + ) Blg) U[l]

+ B3 v[2]
+ (—Ci3+ Cs1 +1i Co3 — i Cs) v[3]
U[l] = (A — i Agz) v][0]
+ (D11 + Dag + D33 — i Dig +1i Do) v][1]

+ (—=D13+ D3y — i Dog + i D3y) v[2]
+ Ay v[3]
W[2] = Ay 0[0]
+ (D13 — D3y — i Das + i Dss) v[1]
+ (D11 + Dag + D33 +i Dyg — i Do) v][2]
+ (A — i A) vf3]
U[3] = (Chy — Cyy +1i Cog — i Cip) v[0]
+ By o[1]
+ (Bu +1 Bua) v[2]

+ (C11 + O+ C33 —i Cra +1i Cyy) v[3]

(B.6)

Now, in the last set of equations, we took explicitly into account the Dirac compo-

nent structure of the Dirac field. Actually doing the v-matrices multiplications from

Eq. (B.2) inside the numerical code would be much more time consuming because

most of the entries in the v-matrices are 0. When implementing numerically Egs.

(B.3)-(B.6) is more efficient to remember that:

e For z <0, D;;=0 (with ¢, j=1,2,3)
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e For z > 0, C;;=0 (with 4, j=1,2,3)

In the following we present an algorithm diagram on how to implement the nu-
merical code which computes the initial values of the Dirac field.
e Compute U(Tl)(kT) and U(TQ)(kT) from Uy (xt) and Ug)(x).
o Compute Ugvx(XT) and U;y(xT) - these link matrices are need for the transverse
covariant derivative.
e Forz = —z,4: to 0 do:
{

*x Compute A;(kr, z), Bi(kt, 2) and C;(kr, 2).

* Using a DFT library compute A;(Xt, 2), Bi(xTt, 2) and Ci(xT, 2).

* Within a loop over the transverse spatial coordinates compute Ay;, Bi; and Cj
and than using Eqs. (B.3)-(B.6) compute V.
}

o [orz = 010 zmer do:
{
*x Compute A;(kr, z), Bi(kt,2) and D;(kr, z).
x Using a DFT library compute A;(xT,z2), Bi(xT,2) and D;(xt, 2).
* Within a loop over the transverse spatial coordinates compute Aij, By; and D;;

and than using Eqs. (B.3)-(B.6) compute V.

}

B.2 Solving the LU system

In this section we present in more detail the entries of M and £ matrices from
Eq. (3.66), whose solution gives the Dirac field at the new time step. The elements of
the M matrix given in Eq. (3.68) are the same for both the 141 and 3+1 dimensional
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cases. Using the left hand side of Eq. (3.62) to read the m;; entries, we obtain:

,(I)naT \/72 +2242

mllzlj:z Q.
T 2a,T
_j:4\/7'2+z2:tz

2a,T

\/ T2+ 2242
miz = Sar — s a7
Z

a, (B.7)

VT2 4+ 2242

mjj—1 = :FTGT
(I)n T
=142 (B.8)
VT2 + 22tz
Mjjp1 =+ ——ar
a,T
VT2 + 2242
MNN-2 = £——F—a;
2a,T
VT2 + 2242
MmNyN—1 = :F4TCLT (Bg)

2 Qi
may =14 "afi?)”;z -
T a,T

,7_

with the convention that wherever there is a + or F sign, the upper one is for the U+
component and the lower one is for the ¥~ component. Moreover, for each element
m;; one has to take the value of z corresponding to the i-th lattice point in the z
direction (if one labels the z lattice points starting with 1 from the left most z lattice
point and increases the label to the right). The structure of the m,; and my; entries
is different from the rest due to a different equation used to discretize the z-derivative
at the endpoints of the z lattice (see Egs. (3.63)-(3.64)).

The M entries for the evolution of the Dirac field from 7 = 0 to the first time step
are the same as those in Egs. (B.7)-(B.9) if one replaces 2a, with a,.

For an efficient numerical implementation of the LU decomposition algorithm de-
scribed in Sec. 3.4.2 one should not define an M matrix with the above entries. One
should insert Eqs. (B.7)-(B.9) directly in the expressions of the L and U matrix
elements defined in Sec. 3.4.2.
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The elements of the £ = £, matrix defined in Eq. (3.65) can also be read from
Eq. (3.62). In this case, the ¢ matrix will have a different structure for the 341
dimensions than for 1+1 dimensions. In the following we give the £ matrix for the
3+1 dimensional case; the one for 1+1 dimensions is obtained by dropping the term

with the transverse covariant derivative. Using Eq. (3.62) we obtain:

D,a,- . VT2 + 22+ 2
§= (QFitmus s 222
T 2a,T

N
T

ar (=307 + 40,7 — W)

n—1

2a, YO (yr - Dy + im) Wit (B.10)

VT2 42242

+55+1 +55-1
a (U —
QCLZT 7’( n—1 n—1 )

Da, iy
= (OFi—H)0F
VT2 + 2242

2a, V°(yr - D + im) ¥ (B.11)
-

D,a,- . VT2 + 2242
v = (IFi— )‘I’f’ﬁ?T

N
T

ar (30N — 4uEN Tl g
2a, YO (yp - Dy + im)UFY (B.12)

where we used the same notations as for the entries of the M matrix given in Eqgs.
(B.7)-(B.9). All the Dirac fields are defined at the same transverse lattice point which
was excluded to simplify notations. The upper and lower indices from U gives the
z and 7 lattice points where to evaluate the Dirac field. To obtain the £ entries for
the evolution from the initial condition to the first 7 step one must replace in Egs.
(B.10)-(B.12) 2a, with a.

When implementing Eqs. (B.10)-(B.12) numerically it is important to observe
that only two of the Dirac components of the ¢ matrix are nonzero for U*. When
computing W only the Dirac entries 2 and 3 are nonzero, while when computing W~
only the Dirac entries 1 and 4 are nonzero.

Solving the linear system of equations which gives the new values of the Dirac
field at time step n + 1 is the bottleneck of our numerical code. This is because at

every time step we have to solve an implicit system of equations for all the points of
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the transverse lattice. Hence it is important to have a optimal implementation of the
algorithm, to minimize the running time. The algorithm diagram for one time step
resumes to the following:
e Decide which of the two components of the wavefunction to compute, ¥~ or UT,
depending if the time step n is odd or even.
e The elements denoted with u of the upper diagonal matriz U (from M = LU ) are
independent of the transverse lattice coordinate (with the exception of us) - see Sec.
3.4.2. Thus compute u; with i =1,.., N but i # 3.
e For all transverse lattice points do:
{

x Compute the matriz entries us, d; ' and l; with i = 1,.., N (see Sec. 3.4.2 for
the meaning of 1 and d).

*x Compute the entries of & for the Dirac component 1 (if solving for V=) or 2 (if
solving for W+ ).

* Find the new entries of the V field with Dirac component 1 (if solving for ¥~ )
or 2 (if solving for U ).

*x Compute the entries of & for the Dirac component 4 (if solving for V=) or 3 (if
solving for W+ ).

*x Find the new entries of the ¥ field with Dirac component 4 (if solving for ¥~ )
or 3 (if solving for U ).
}

B.3 Algorithm diagram for gauge and quark fields evolu-
tion

In this section we present the algorithm diagram for gauge and quark fields time

evolution as well as the necessary steps for quark and photon production. The time

evolution algorithm for the gauge and quark fields can be summarized as:

e Compute the initial conditions for the gluon field. This involves fixzing the transverse

Coulomb gauge. We will present more details about this stage later on.
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e Compute the initial conditions for the Dirac wavefunction V. See the end of Sec.
B.1 for a detailed description of this stage.

e Compute the gauge fields at the first time step using Eqs. (3.16)-(3.20). We first
evolve the E; (with i = 1,2) and © fields from 7 = 0 to 7 = % using the U; and ¢
fields at 7 = 0. Then using the E; and m fields at 7 = %, we evolve the U; and ¢
fields from 7 =0 to T = a,'.

e Fvolve one of the Dirac field components, lets say V= from 7 =0 to 7 = a,. The
other component of the wavefunction, W+, is not evolved in time at this stage*. The
algorithm for finding the new values of V™ is presented at the end of Sec. B.2.

e For time step n=1 to N**-1 do:

{

* If n is odd than evolve the U component of the Dirac field from time step n — 1
ton+1. If n is even than evolve the W~ component of the Dirac field from time step
n—1ton+ 1. Keep the other component of the Dirac field unchanged. See the end
of Sec. B.2 for the details of finding the new Wt or W~ component.

x Ewvolve the gauge field one more time step*. Take the E; and  fields from time
step n — % ton+ % using the U; and ¢ fields at time step n. Take the U; and ¢ fields
from time step n to n+ 1 using the E; and w fields at time step n + %

}
e Bring both components W= of the Dirac field to the same time step. Depending if
the total number of time steps N is odd or even, we must find U+ or U~ at time step

N. We must use the same algorithm for finding the new value of ¥ or U~ as we

1 Using the leapfrog algorithm one needs to know the fields at time step n and n+1 while the momenta

are computed at time steps n — % and n + %
2In the algorithm for solving the Dirac equation described in Sec. 3.4.1 the two components of the

quark wavefunction ¥+ need to be known at different time steps. For example ¥~ is known at odd

time steps while U'" is known at even time steps.
3With NV we denote the total number of time steps.
4We evolve the gauge fields to the next step only after first evolving the Dirac field. This is because

at time step n we take one of the components U* of the Dirac wavefunction from time step n — 1

to n + 1, for which we need the ¢ field at time n.
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used for the time evolution at the first step of the Dirac field.

The algorithm presented above is for only one given configuration of initial charge.
In the CGC and MV formalisms, one needs to average over many different configura-
tions of initial color charge, hence the above algorithm needs to be repeated for many
different configurations of initial color charge.

The algorithm for computing the initial condition for the gauge fields can be sum-
marized as:
e Generate the random distribution of color charges given by the MV model (see
Eq. (2.29) and Sec. 2.2.3).
e From the charge distribution generated above compute the link matrices Ui(l) and
UZ@) for the two nuclei (with i = 1,2 denoting the transverse directions). The link
matrices are given by Eq. (3.23)'.
e Find the link matrices in region (3) of the left panel in Fig. 3.1 at 7 = 0. This
involves solving Eq. (3.21), which is done using the iterative method described in Sec.
3.2.
e Find the longitudinal field m at T =0 using Eq. (3.22).
o Fix the Coulomb gauge in the transverse direction. This is done using the Fourier
Acceleration (FA) method [54F. Transform the gauge fields to the new gauge using

the gauge transformation rules given in Sec. 3.1.2.

For quark production, the gauge and quark field algorithm described above has
to be supplemented with a function that computes the quark production amplitude
using Eq. (3.77). This function has to be called after the evolution of the quark

wavelfunction.

'Finding the link matrices involves solving the Poisson equation for 2 dimensions. It can be solved
numerically by first taking a Fourier transform to momentum space. This reduces the Poisson
equation to an algebraic equation which can easily be solved. Then we take the inverse Fourier
transform of the solution in momentum space, to obtain the solution of the Poisson equation in

coordinate space.
2For large transverse lattices (N2 > 1002) FA is expected to be the fastest method for fixing the

transverse Coulomb gauge [55].



B.3 Algorithm diagram for gauge and quark fields evolution 114

For photon production, the algorithm is more complex than for quark production.
Since storing the quark wavefunction at all times is problematic!, the other option is to
evolve two quark/antiquark wavefunctions at the same time. Thus we need to modify
the quark wavefunction time evolution algorithm described in this section to evolve
in parallel two Dirac fields (¥, and ¥, ), task which is straightforward. Than, after
every two time steps?, one needs to compute the contribution to the photon spectrum
using Eqgs. (4.31)-(4.32). This gives the photon spectrum contribution for a given
pair of initial fermions with momenta ¢; and ¢s. The total spectrum is obtained by

summing over all such pairs of momenta3.

IThe Dirac field for a 1802 x 400 lattice in single precision needs 1.2 GB of memory. To store the
quark wavefunction for 100 or more time steps requires more than 120 GB of storage space, which

slows the numerical code due to reading and writing operations on the hard drive.
2The contribution to the photon spectrum needs to be computed only every two time steps since

we modify only one of the Dirac field components at each time step, thus the Dirac field changes

completely only after two time steps.
3Since the process of summing over all the momenta pairs (g1, g2) needs a large computational time,

in practice we use a Monte Carlo method for approximating the momentum integral.
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