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Abstract

n this manuscript, we review the description of the initial stages of high energy
heavy ion collisions in the Color Glass Condensate framework. The primary
goal of this work is to provide a first principles approach, based on Quantum
Chromo-Dynamics, to the calculation of initial conditions for the subsequent
hydrodynamical evolution of the matter produced in heavy ion collisions such
as those studied at RHIC or at the LHC.

In the first part, we develop some general tools and results that are useful in any quantum
field theory coupled to strong external sources. We show how to organize the expansion in
powers of the coupling constant in these theories, with a particular emphasis on the simplifi-
cations that arise when one considers inclusive observables.

In the second part, we apply these techniques to the Color Glass Condensate. We show
that the dependence of inclusive observables on the collision energy arises from logarithmic
terms that can be factorized into universal distributions that describe the color charge content
of high energy nuclei. We then present some phenomenological applications of this factor-
ization theorem, and confront these predictions with measurements performed at RHIC.

In the last part, we focus on the final state evolution of the system, with emphasis on
the issue of thermalization of the matter produced in heavy ion collisions. Starting from the
existence of instabilities in the classical Yang-Mills equations, that lead to secular divergences
in observables when higher order corrections are included, we develop a resummation scheme
that collects all the dominant secular terms and leads to finite expressions. Finally, we show
on the example of a scalar field theory that this resummation has also the virtue of making
the system relax towards thermal equilibrium.
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Prologue

eavy lon collisions , at least in their early stages, should in principle be amenable
l@ to a description in terms of Quantum Chromo-Dynamics since they involve only
interactions among quarks and gluons. However, they present very interesting
challenges for QCD. Firstly, it is a priori not obvious that the typical momentum
transfer in the partonic collisions is large enough compared to the confinement
scale in order to allow a perturbative approach. Another difficulty is that heavy ion collisions
involve a very large number of constituents (mostly gluons) in the initial state, while stan-
dard perturbative techniques are designed to treat rare processes involving very few particles.
Moreover, the kinematics of particle production in heavy ion collisions is such that they are
dominated by constituents that carry a very small fraction of the momentum of their parent
nucleon. In this regime, the parton densities are large and receive non-linear corrections due
to gluon recombination, an effect known as gluon saturation. The standard parton model,
completed by the DGLAP or BFKL evolution equations for the parton distributions, does
not take these non-linear corrections into account. The two issues are in fact closely related,
since the non-linear interactions among the gluons dynamically generate a semi-hard scale
that enables an expansion in powers of the coupling.

My first encounter with the questions addressed in this manuscript goes back to 2000,
while a postdoc in the Nuclear Theory group at Brookhaven National Laboratory. L. McLer-
ran had told me about a recent work of him and A. Baltz [15], in which they had derived a
neat formula for the production of et e~ pairs in peripheral collisions of high energy nuclei,
in terms of retarded solutions of Dirac’s equation in the electro-magnetic field of the two
moving nuclei. Since in this approach the fast nuclei act as strong sources, it was natural to
obtain an answer in terms of classical solutions of the field equations of motion, but there was
still some confusion concerning their boundary conditions. In a work with A. Peshier [16],
we proved that inclusive observables are given by retarded boundary conditions, but that this
is incorrect for exclusive observables. A typical exclusive observable in this context is the
probability P;, for producing exactly n electron-positron pairs, while the mean number of
produced pairs <N> = ) . nPy is an inclusive observable. Loosely speaking, time-ordered
amplitudes (i.e. standard Feynman diagrams) lead to Py > ..., while <N> is directly given by
retarded amplitudes.

We employed similar techniques in 2004 with J.-P. Blaizot and R. Venugopalan [17-
19] to compute the yield of gluons and quark-antiquark pairs in proton-nucleus collisions.
The complications related to the choice of the boundary conditions are not essential in this
problem, thanks to the presence of one weak source — which implies that P; =~ <N> <
1 and therefore that we need not distinguish so carefully between inclusive and exclusive
observables. Nevertheless, this problem was another instance where the approach in terms
of retarded classical fields proved superior to the direct computation of Feynman graphs,
because it simplified considerably the calculations.



We went back to the problem of heavy ion collisions in 2006 with R. Venugopalan in
a series of two papers [2, 3]. A lot of work, mostly numerical, had already been done by
A. Krasnitz, R. Venugopalan, Y. Nara [20-25] and T. Lappi [26] on the computation of the
gluon yield in nucleus-nucleus collisions, using the Color Glass Condensate framework. In
this approach, the gluon yield is obtained by solving the classical Yang-Mills equations with
null boundary conditions in the remote past. Here also, the choice of the boundary conditions
had remained rather mysterious. In these two papers, we addressed several aspects of the
following question: In a field theory coupled to strong time-dependent sources, what can be
said of the distribution of produced particles? In particular, we noticed a general relationship
between the inclusiveness of an observable and the boundary conditions of the classical fields
that are needed for its evaluation. We showed that, at leading and next-to-leading orders, in-
clusive moments of the particle distribution involve retarded boundary conditions. Moreover,
we developed in these papers tools that were sufficiently powerful to extend the computation
of the gluon yield beyond leading order.

Next-to-leading order corrections to an observable contain terms that are enhanced by
large logarithms of the collision energy. For the Color Glass Condensate to be a consistent
effective theory, one should be able to factorize these logarithms into universal distributions
that represent the two projectiles. Proving this factorization requires to know analytically
these logarithms — a daunting task given the non-perturbative nature of the classical solutions
of the Yang-Mills equations. A crucial step to go around this difficulty was made during
the summer 2006 with T. Lappi: we managed to relate the NLO and LO gluon yields by the
action of an operator that involves only perturbative quantities. Moreover, the structure of this
operator was quite similar to that of the IMWLK Hamiltonian that drives the evolution of
the source distributions in the Color Glass Condensate framework. Therefore, this expression
of the NLO corrections seemed to be a promising starting point to establish factorization.

Eventually, the logarithmic part of this operator was indeed proven to be identical to the
JIMWLK Hamiltonian [5]. Once this is established, the factorizability of the logarithms of
energy in the gluon spectrum becomes almost trivial. We then generalized this factoriza-
tion result to the case of the inclusive multigluon spectra [6, 7]. Moreover, these results for
correlations and fluctuations proved to be relevant for the phenomenology of heavy ion col-
lisions, since they can be applied to some experimental observations made at RHIC [8, 10]
and possibly even in proton-proton collisions at the LHC [27].

The JIMWLK factorization resums all the leading singularities that arise from the evo-
lution of the projectiles prior to their collision. The next question that arises is that of the
thermalization of the matter produced in heavy ion collisions. Here also, thanks to a rather
large saturation scale, one may hope to address the problem in a weak coupling setting. It
turns out that the final state evolution is plagued with secular divergences, and there is abun-
dant speculation [28-52] that they may play a role in the thermalization. We investigated
this issue in recent works [11, 13, 14], first by developing a resummation scheme that cures
these secular divergences, and secondly by showing via the example of a simpler toy model
that this leads indeed to the relaxation of the system towards the equation of state expected
at equilibrium. This is by no means a settled issue. Whether the same occurs in QCD in the
realistic conditions of a high energy heavy ion collision is still open for debate, and even if
the same applies to QCD it is unclear at the moment whether the system reaches full local
thermal equilibrium or not.
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eality is that which, when you stop believing in it, doesn’t go away.

PHILIP K. DICK
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Introduction

n the first chapter, we present a brief overview of heavy ion collisions, focus-
ing on the QCD aspects that are essential in their study. We then present the
McLerran-Venugopalan (MV) model, proposed as an effective description of
gluon saturation. Then, we end the chapter with a brief account of the Color
Glass Condensate (CGC), that improves over the MV model by providing a
renormalization group evolution equation.

The major feature of the CGC effective theory is that it couples quantum fields to an
external time-dependent classical source. Moreover, this external source is strong, which
makes calculations non-perturbative. In the chapter 2, we study the main features of such a
theory, focusing on aspects related to particle production. Since our intent is to focus on the
specificities of having a strong external source, we use a simpler toy scalar theory instead of
QCD in this discussion.

We end the chapter by some expressions for the inclusive spectra at Next-to-Leading Or-
der. This is a crucial step for our study of factorization in heavy ion collisions, discussed in
the second part of this manuscript. In particular, we derive a master formula, easily generaliz-
able to QCD, that expresses the NLO corrections in a form that already contains the essence
of factorization.






Chapter 1

Quantum Chromo-Dynamics
in heavy ion collisions

attice simulations' of Quantum Chromo-Dynamics (QCD) indicate the existence
of a transition at high temperature, from a phase where quarks and gluons are
bound into hadrons and chiral symmetry is spontaneously broken to a phase
where the quarks and gluons are deconfined and the chiral symmetry is restored.
QCD predicts that this transition occurs when the nuclear matter reaches a criti-
cal energy density around €. ~ 1 GeV/fm>. A sketch of the phase diagram of nuclear matter
is represented in the figure 1.1. Note however that only the region of very small baryonic den-

Figure 1.1: QCD phase diagram.
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sity has been studied quantitatively by lattice simulations. At non-zero baryonic density, the
Euclidian QCD action is complex valued, making Monte-Carlo evaluations of the partition
function unpractical®>. High energy collisions of large nuclei are a way to make an incursion

ISee [53] for recent lattice results on the QCD equation of state.
2Several methods have been explored in the past years in order to overcome this difficulty. The principal strategies
that have been used are the analytic continuation from an imaginary baryonic chemical potential p, the Taylor



into the deconfined region. In these collisions, one tries to infer the properties of the decon-
fined phase from features of the final products — such as their momentum spectra, chemical
composition, or correlations.

Due to the macroscopic nature of heavy ion collisions (compared to the typical hadronic
size), it makes sense to talk about the spatio-temporal development of the system created in
such a collision. In fact, experimental techniques such as Hanbury-Brown-Twiss intensity
interferometry give (to a limited extent) access to this history. The main stages of a heavy ion
collision are illustrated in the figure 1.2. A particularly successful description of this evolution

Figure 1.2: Stages of a heavy ion collision.
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is to treat it as the expansion of a fluid in empty space, via hydrodynamical equations [54-56].
Furthermore, it appears that this fluid is nearly perfect in the sense that it flows with almost
zero dissipation — in other words, it has a very small viscosity [57].

QCD enters at several places in this description. The equation of state of the quark gluon
plasma can be predicted from QCD lattice simulations [53], or even perturbative calculations
at a large enough temperature [58, 59]. Moreover, the hydrodynamical evolution needs some
initial conditions for the energy density, pressure and velocity fields. In collisions at high
energy, it is possible to calculate these initial conditions by a perturbative expansion®. This
statement is far from trivial: indeed, if most of the energy deposited in the collision were in
modes near the QCD confinement scale A,,,, then calculating the initial value of the energy-
momentum tensor would not be tractable by weak coupling methods. As we shall see, a weak
coupling treatment of this problem is made possible by the emergence of a dynamical scale,
called the saturation momentum and denoted Q s, where all the relevant dynamics take place.
Most of the energy deposited in the collision is in momentum modes near Q5. Moreover,
the saturation momentum increases with the energy of the collision, and is much larger than
Ayep i high energy collisions. Since Qs is also the relevant scale for the QCD coupling, this
explains why this problem can be treated as a weak coupling problem, thanks to asymptotic
freedom.

expansion at small p , or reweighting techniques to compute expectation values at non-zero [, from an ensemble
of gauge configurations obtained at u; = 0. However, there is still a large uncertainty on the localization of the
critical point (where the first order transition line ends), or even on its existence.

3 As we shall see later in this manuscript, the initial energy density has a well defined expansion in powers of the
QCD coupling «s. However, the calculation of a given order in this expansion requires to resum an infinite set of
graphs, and in that sense bears some non-perturbative features.



The projectile modes that matter the most in a high energy collision are those that carry
only a very small fraction of the longitudinal momentum of the incoming projectiles. These
modes have a large occupation number, which makes their interactions important — a phe-
nomenon known as gluon saturation. The saturation momentum mentioned in the previous
paragraph originates in fact from these interactions. In this chapter, we describe qualitatively
the main aspects of gluon saturation, and present the Color Glass Condensate (CGC), an
effective theory based on QCD that enables quantitative calculations in the saturated regime.

1.1 Kinematics

The figure 1.3 shows a typical collision at small impact parameter between two heavy nuclei,
performed at RHIC (/s = 200 GeV per nucleon pair). A striking feature of such a collision

Figure 1.3: Event display of a central heavy ion collision in the STAR detector.

is the very high particle multiplicity in the final state, of the order of 1000 charged particles
per unit rapidity at this energy. Another important property is that most of these particles
carry a small transverse momentum, below 2 GeV. At a microscopic level, a nucleus-nucleus
collision is made of many elementary collisions between the quarks and gluons contained
in the incoming nuclei. For the sake of the argument, let us assume that a gluon moving in
the +z direction, with 4-momentum p}" = (p1,0,0,p1), collides with a gluon moving in
the opposite direction, with 4-momentum p = (p2,0,0,—p,), producing a final state of
4-momentum P*. From the conservation of energy and momentum, we have

pr+py =P, (1.1)
Thus, p1 +p2 = P and p; —p> = P3 (while P! = P? = 0). It is convenient to parameterize
the energy PP of the final state and its longitudinal momentum P3 in terms of its transverse

mass M | and rapidity Y:

PO =M, coshY P3 =M, sinhY, (1.2)



so that we have

M M, _
p=—5e , p=—e. (1.3)

The longitudinal momentum of a nucleon is 1/s/2 for a collision where the center of mass

Figure 1.4: Parton distributions in a proton. From [60].
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energy per nucleon pair is v/s. Therefore, the two colliding gluons carry the following frac-
tions of the longitudinal momentum of their parent nucleon:

2 M 2 M
=P Moy My

NRYE =T s

Since the typical transverse momentum scale for the produced particles is of the order of a
couple of GeVs, the corresponding longitudinal momentum fraction is

(1.4)

x ~ 1072 at RHIC (v/s = 200 GeV) ,
x ~ 41074 at the LHC (v/s = 5.5 TeV) . (1.5)

Thus, the partonic collisions that produce most of the particles in high energy heavy ion
collisions involve partons that carry a very small fraction of the momentum of their parent
nucleon. From measurements of the parton distributions in a proton (see the figure 1.4), we
see that at these values of x, the vast majority of these partons are gluons.

1.2 Nucleon structure at high energy

Before we discuss in more detail the physics that drives the gluon content of a nucleon at
small x, let us start with a qualitative description of the structure of a nucleon. A nucleon



Figure 1.5: Nucleon at low energy.
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is a bound state of three valence quarks, and the binding force comes from gluon exchanges
between these quarks. In addition, vacuum fluctuations are also present, that for instance
turn momentarily a quark into a quark and a gluon. A cartoon of this structure is shown
in the figure 1.5. In this figure, the horizontal axis represents the time, and we have shown
several gluon exchanges between the valence quarks, and some vacuum fluctuations. These
fluctuations can exist on any space-time scale smaller than the nucleon size, but the very small
ones are not visible in a typical reaction. Indeed, when the nucleon is probed by an external
object (e.g. the virtual photon in Deep Inelastic Scattering), this probe is characterized by
certain time and length scales (the photon frequency and wavelength in the case of DIS).
Only the fluctuations that are longer lived and larger than the characteristic scales of the
probe are accessible to that probe.

This basic picture of a nucleon goes a long way into explaining the parton model for
nucleon interactions at high energy. At low energy, the main issue is that the non-perturbative
dynamics going on inside the nucleon mixes with the interaction with the external probe,
because the two have similar space-time scales. Let us now consider the same process with
a nucleon at a much higher energy, in a frame where the probe is unchanged (i.e. all the
boost is applied to the nucleon). All the internal time-scales of the nucleon are dilated by
the Lorentz factor of the boost: interactions among the constituents take much longer, and
quantum fluctuations are much longer lived. The main simplification is that the constituents
of the nucleon no longer interact significantly over the time-scale seen by the external probe
(represented in blue in the figure 1.6). Thus, at high energy, a nucleon appears as a collection
of quasi free constituents. The other outcome of the boost is that, by increasing the lifetime

Figure 1.6: Nucleon at high energy.
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of the fluctuations, it made a larger number of them accessible to the probe. If the lifetime of
a fluctuation is large compared to the characteristic time-scale of the probe, this fluctuation
is seen as an extra on-shell gluon. Thus, the number of gluons (and also of sea quarks, not
represented on the figures 1.5 and 1.6) in a nucleon appears to increase as its energy increases.
The new gluons uncovered by the boost have smaller and smaller momentum fractions x: this



is the qualitative explanation for the rise at small x of the gluon distribution that one can see
in the figure 1.4.

Another consequence of the boost is that the fluctuations that were already visible before
the boost are now very long lived: their time evolution is slowed down by the boost, and they
can be considered as static for the duration of the interaction process with the probe. The
only relevant information about these fast modes is the color current they carry. This remark
about the fast partons is at the basis of the McLerran-Venugopalan model and of the Color
Glass Condensate, that we shall introduce later in this chapter.

1.3 Gluon saturation

The previous discussion of the evolution of the nucleon structure under a boost suggests that
the gluon content evolves at small x via cascades such as those displayed in the figure 1.7:
each valence quark starts its own cascade of gluons, that have increasingly small longitudi-
nal momenta as one moves down in the cascade. As long as these gluon cascades do not

Figure 1.7: Linear evolution: gluons do not overlap in the transverse plane, and gluon cascades
evolve independently.
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interact, the evolution can be described by a linear equation for the gluon distribution: the
Balitsky-Fadin-Kuraev-Lipatov (BFKL) equation [61, 62], that provides the x-dependence of
the non-integrated (i.e. transverse momentum dependent) gluon distribution. The kernel of
this equation has positive eigenvalues, which are responsible for the increase of the gluon
distribution when x — 0 — and its solutions behave roughly as a positive power of 1/x.

However, this increase of the gluon density cannot continue forever. When the gluons
become densely packed in the wavefunction of a nucleon, the interactions between gluons
from different cascades cannot be neglected anymore, as illustrated in the figure 1.8. These
mergings of gluons from different cascades slow down” the increase of the gluon distribution
at small x, by adding a term quadratic in the gluon density, with a negative coefficient, to the
BFKL equation. This effect is known as gluon saturation. Very schematically, the modified
equation reads’:

on(x, ki) 9%n )

= b —_ s 1.
am(1/x)  CokZ TOmTERM (1.6)

BFKL

“It has also been argued that an uninterrupted rise of the gluon distribution of the form x~*

violate unitarity bounds —such as the Froissart bound [63]- for hadronic cross-sections.
5The actual equation is more complicated than eq. (1.6). In particular, it has a non local kernel in transverse
momentum, which is mimicked here by a diffusion term.

would eventually
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Figure 1.8: Non-linear evolution: gluons overlap in the transverse plane, and mergings from
different cascades occur.

T
2 %
[ %QQQQQQQQQM

%(J‘Z&(LQQ@LU'AMU&M
& ege000nnen

F«(&QQ@@Q@Q&QQ@
[

& 2
%(’uiuuuu

where a,b and c are of order unity, and where the diffusion term in transverse momentum
mimics the actual behavior of the BFKL equation. The extra power of o in front of the
quadratic term reflects the fact that the merging of two gluon cascades requires two extra
powers of the strong coupling g. Thus, we expect on the basis of this toy model that this
non-linear correction becomes important when the gluon density is of order 1/c.

A more precise criterion for gluon saturation has been derived by Gribov, Levin and
Ryskin in [64], in terms of the transverse momentum of these gluons. First of all, the relevant
density here is the number of gluons per unit of transverse area. Indeed, the boost in the
longitudinal direction turns the nucleon into a thin pancake due to Lorentz contraction. The
wavelength of the probe being held fixed, it becomes larger than the thickness of the Lorentz
contracted nucleon, and the probe therefore cannot resolve the gluon distribution in the lon-
gitudinal direction: it sees only the number of gluons integrated over the z axis. This surface
density can be estimated by:

xG(x, k%)

N~ nR2

(1.7)

where R is the radius of the nucleon. To decide whether this density is large enough to have
gluon mergings, it should be compared to the cross-section for the recombination of two
gluons, that can be estimated as

oo X (1.8)

When No > 1, gluon recombination cannot be neglected anymore. This condition can be
rewritten as an inequality for the transverse momentum of the gluons,

ki < Qsl(x), (1.9)
where Qg (x) is the saturation momentum and is defined in terms of the gluon distribution as

os xG(x, Q2)
7IR?2

Qs (x) ~ : (1.10)
From the inequality (1.9), one can divide the (x, k, ) plane in two domains: respectively dilute
and saturated, as illustrated in the figure 1.9 (the red line separating the domains corresponds

to the equality k; = Qs(x)).
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Figure 1.9: Dilute (high k| and high x) and saturated (Iow k| and low x) domains. The strip
atk, < A, is dominated by confinement physics, and not accessible via weak coupling
techniques.
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The x dependence of the saturation momentum follows that of the gluon distribution. One
has roughly Q% ~ x~*, where phenomenologically A ~ 0.3 [65, 66]. Note also that nothing
in the above derivation of the saturation condition is specific to a nucleon: the same condi-
tion applies to a nucleus, provided that one replaces in the saturation momentum the gluon
distribution and the radius by the appropriate ones. The gluon distribution of a nucleus is ap-
proximately proportional to the mass number A, and its radius to A'/3. Thus, the saturation
momentum squared of a nucleus is proportional to A'/3 [67] and x©-3,

1

Qﬁ(x)~A1/3xoﬁ. (1.11)
For large nuclei like the ones employed in heavy ion collisions (Gold at RHIC and Lead at
the LHC), the nuclear enhancement of the saturation momentum is A'/3 ~ 6. From fits
to existing data on deep inelastic scattering on various targets, one can get a more precise
idea of the numerical value of the saturation momentum. This as been done in the references
[67, 68], and the result is shown in the figure 1.10. Given the inequality (1.9), it is obvious
that a larger saturation momentum means that saturation effects exist in a wider kinematical
range. From eq. (1.11), we conclude that gluon saturation should be more prominent for
heavy ion collisions at high energy. In fact, estimates of the saturation momentum for Gold
nuclei at x &~ 10~2 (RHIC kinematics) give Qs ~ 1.2 GeV [67], indicated that the bulk of
particle production at RHIC is affected by saturation. At the LHC, this value could thus reach
Qs = 2GeV (atx = 4.1 0~%), making saturation even more important.

1.4 McLerran-Venugopalan model

Up to now, we have described gluon saturation at a very qualitative level. An important
step towards a theoretical description of this phenomenon was provided by the McLerran-
Venugopalan (MV) model [70-72]. In order to have a technically tractable model of a nucleon
or nucleus, it is necessary to simplify the dynamics in the valence region, since this is the part
where confinement effects make a full QCD treatment impossible. Once one has a handle
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Figure 1.10: Numerical value of the saturation momentum, as a function of the longitudinal
momentum fraction x and of the atomic number A. From [69].
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on the fast partons, it is easy to compute how slower partons are radiated by bremsstrahlung.
The main idea of the MV model is to replace the fast quanta in a nucleon or nucleus by
simpler degrees of freedom that retain only the aspects that are essential in order to compute
bremsstrahlung, while continuing to treat the slow gluons as full fledged gauge fields. As
we have noted before, time dilation means that the fast quanta are quasi-static over the time-
scales relevant in an interaction process. Moreover, in order to calculate the radiation of the
slower gluons from the fast ones, one needs only to know the color current associated with
the fast partons.

Thus, the MV model introduces a cutoff A™ in the longitudinal momentum k™* of partons.
Partons that have k™ > A™ are replaced by a color current J, of the form:

Jh(x) =8 Td(x )palxy) . (1.12)

This current has only a nonzero 4 component in light-cone coordinates (in ordinary Cartesian
coordinates, this current has equal O and 3 components and vanishing transverse components).
The factor p is a density of color charge per unit of transverse area. The static nature of these
degrees of freedom translates into the fact that ]} does not depend on x ™. The delta function
in X~ is motivated by the Lorentz contraction®.

The slow gluons, for which k™ < A™, are still described by the usual gauge fields Af,
and their action is the standard Yang-Mills action’. Because of the time-scale separation
between the fast and slow degrees of freedom, the coupling between them is Eikonal and
appears in the action of the MV model as a term

Jd“x TE(X)A pa(x) - (1.13)

o1t is not crucial to have exactly a §(x ™), nor to have factorized x~ and x ; dependences. Physical results are
insensitive to the details of the x~ dependence, provided it is peaked around x~ = 0, on scales that are small
compared to the physical longitudinal length scales.

7 At small x, one usually disregards the quarks.

13



What is missing at this point is a theory or model for the color density pq. pq describes
the distribution of the partons that have momentum k* larger than the cutoff A*. In a nucleon
or nucleus, their distribution varies in time® and their confi guration at the time of a collision is
a snapshot of this fluctuating distribution. Thus, one should treat p, as a stochastic quantity,
and complement the MV model with a statistical distribution W([p.] for the pg’s.

The MV model goes one step further by proposing a model of the functional W([p,] for a
large nucleus. First of all, the MV model assumes that the values of the color charge density
at two distinct points in the transverse plane are not correlated. This assumption can be
seen as a consequence of confinement: two color charges belonging to different nucleons are
uncorrelated. Secondly, at a given x|, pq (X1 ) d?x is made up of all the color charges in
a longitudinal tube of cross-section d®x | . These charges are also random and uncorrelated,
and there is a large number of them in a large nucleus (proportional to A'/3) — thus, pq
is an incoherent sum of many random variables. The Central Limit Theorem implies that
the statistical distribution of pq(x ) is a Gaussian distribution, characterized by a 2-point
correlator of the form:

(Pa(x1)pb(Y.)) =1 8abd(x1 —y,) . (1.14)

Under these assumptions, the distribution W([p] reads:

a(x1)palx1)

Wipa]l =exp [—szxl P 2.2 (1.15)

Given the distribution W([p.], the calculation of the expectation value of some observable O
in the MV model is performed as follows:

i. Compute the observable in an arbitrary configuration p, of the color sources, O[p4]. In
the saturated regime, the power counting should be done by assuming that p, ~ g~ '.
In this regime, non-linearities in p, are important even at Leading Order, which is the
reason why this model is suitable to describe gluon saturation. At Leading Order, the
sum of the relevant contributions can be resummed by solving the classical Yang-Mills

equations,

D, T =]V, (1.16)
ii. Average O[p,] over the distribution W(p]:

(0) = J [Dpa] W[pa] Olpd] - (1.17)

To close this section, let us add a remark about gauge invariance. The distribution in eq. (1.15)
is invariant under gauge transformations’, as well as the functional measure [D pa]. There-
fore, if O is a gauge invariant operator, then the expectation value <O> defined ineq. (1.17) is
also gauge invariant.

81t appears static only over the short duration of the collision process.
9Under a gauge transformation, pq transforms as

Pa(¥)t® — QF(x) [pa ()t Q(X) .
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1.5 Color Glass Condensate

The MV model allows one to make a number of phenomenological calculations at tree level,
e.g. of the Deep Inelastic Scattering structure functions [73, 74] of a nucleon or nucleus or the
density of energy released at early times in heavy ion collisions [21]. However, complications
arise when one tries to use it beyond tree level. It was soon realized that the 6(x ) factor in
the color current leads to singularities in these calculations: in order to obtain finite results in
loop calculations, it is necessary to assume a less singular x— dependence:

5(x7)palxL) = palx ", x1), (1.18)

where now the x~ dependence (absorbed into the definition of p, because there is no reason
to assume that the x~ and x| dependences factorize) is still peaked around x~ = O but not
singular.

The second problem in loop corrections with the MV model is that they lead to logarithms
of the cutoff A" that separates the fast static sources from the slow gauge fields [75]. This
issue is in fact related to that of the x~ dependence of the color sources. It has been shown
that the logarithms of A" can be absorbed into a redefinition of the sources, that consist in
adding layers of new sources that slightly enlarge the support in x~ of p,. This modification
amounts to turn the distribution W[p,] into a A" -dependent distribution,

Wipd = W, [pdl, (1.19)

that obeys an evolution equation of the form [76—83]

W _gew
dln(AT) T AT

(1.20)

where H is an operator that contains first and second derivatives with respect to po. This
evolution equation for W, . is known as the JIMWLK equation 10 By letting W ., evolve
according to this equation, observables become independent of the cutoff A™*. Eq. (1.20) can
therefore be seen as a renormalization group equation, that ensures the consistency of the
MYV effective description by making observables independent of its cutoff. One starts with
some initial distribution WAO+ at a scale A7, and eq. (1.20) describes how this distribution
evolves as the cutoff decreases. As AT — 0, one integrates out progressively all the quantum
fluctuations (at leading logarithmic accuracy) into the distribution W, , . With this extension
of W into a cutoff dependent distribution, the Gaussian distribution in eq. (1.15) should now
be seen as a model for the initial condition of eq. (1.20).

Let us add that the functional evolution equation (1.20) can also be formulated as an
infinite hierarchy of evolution equations for correlators of Wilson lines [84]. These equations
are nested because the evolution equation for a n-point function depends on the value of
some p-point function with p > m. In particular, the first equation of the hierarchy, for
the evolution of a 2-point function, depends on a 4-point function. In the limit of a large
number of colors and of large nuclei, it has been argued that this 4-point function can be
written as the product of two 2-point functions. This assumption leads to a closed, non-linear,
equation for the 2-point function [85, 86], now known as the Balitsky-Kovchegov equation.

I0JIMWLK = Jalilian-Marian, Iancu, McLerran, Wei gert, Leonidov, Kovner.
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Because this equation is much simpler than the JIMWLK equation '!, it has been used in

many phenomenological applications where evolution to small x was important.

The Color Glass Condensate is the name under which this effective theory (i.e. the separa-
tion of degrees of freedom proposed in the MV model, plus the IMWLK evolution equation)
is known'?. The word glass refers to the fact that the degrees of freedom described by the
color density p, evolve on a time scale much larger than the typical time-scale of collision
processes, and also refers to the similarity between the averaging procedure in eq. (1.17) and
spin glasses. The word condensate is due to the fact that gluons reach their largest possible
occupation number, of order 1/c, in the saturated regime. Gluon saturation can be seen
as a repulsive interaction that prevents all the gluons from collapsing on the zero transverse
momentum state; because of this repulsion newly radiated gluons are forced to occupy mo-
mentum modes near k; ~ Qg(x).

Originally, the IMWLK equation was proven for the expectation value of gauge invariant
operators in the wave function of a single nucleus, e.g. Deep Inelastic Scattering structure
functions. One of the main goals in the rest of this manuscript is to show that in collisions
of two saturated projectiles, like heavy ion collisions, one can also factorize the leading loga-
rithms by applying the IMWLK equation to the distributions W(p,] of each projectile. This
result indicates the universality of these distributions, and establishes a connection between
measurements done in DIS experiments and inclusive observables in heavy ion collisions, in
the non-linear saturated regime. We will see in the part II how the JIMWLK equation arises
in the context of heavy ion collisions.

1By noticing that the IMWLK equation is a Fokker-Planck equation in a functional space, one can reformulate
it as a Langevin equation [87]. This formulation paves the way for a numerical study of the IMWLK equation on
the lattice [88]. This numerical study of the IMWLK equation has shown that the Balitsky-Kovchegov equation
is indeed a rather good approximation, at least as far as 2-point correlators are concerned. Recently, this direct
numerical approach has started to find its way into more phenomenological applications [89, 90].

12See [91-93] for extensive reviews of the theoretical and phenomenological aspects of the Color Glass Conden-
sate.
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Chapter 2

Particle production from
strong classical sources

he Color Glass Condensate effective theory is a Yang-Mills theory coupled to
an external time-dependent color source. A crucial property in the saturation
regime is that this source is strong, reflecting the fact that the gluon occupation
number in a saturated hadron is of order g '. Thus the source should be thought
of being of order g~'. The strength of the source implies that calculating ob-
servables in this effective theory is a non-perturbative problem, even if the coupling constant
g is weak. Indeed, even at leading order, infinitely many diagrams contribute to any given
observable. However, as we shall see, the situation is manageable because the sum of this
infinite series of diagrams usually has a compact expression in terms of classical solutions of
Yang-Mills equations.

In this chapter, based on [2, 3], we discuss in detail the main features of quantum field the-
ories coupled to a strong external source. The questions we focus on here are fairly general,
and the answers are valid for any sensible quantum field theory — the only crucial requirement
being unitarity. Therefore, in order to avoid the additional complexity (both notational and
in the handling of the gauge freedom) of gauge theories, we will use a simpler example in
this chapter, consisting of a scalar field theory. We will of course go back to QCD in the
second part of this manuscript, when we address the problem of particle production in heavy
ion collisions.

The first section of the chapter explains the power counting in such a theory, which is an
essential step in classifying the relevant contributions to a given observable. In the rest of
the chapter, we study several questions related to the distribution of the produced particles at
t — +o0. First, we define a generating functional that encodes all the relevant information
about the final state. We show also that its first derivative is the sum of two sets of connected
diagrams in the Schwinger-Keldysh formalism. At leading order, they can be expressed in
terms of solutions of the classical equations of motion of the theory, albeit with complicated
boundary conditions. From this generating functional, we proceed to the study of moments
of the distribution of produced particles, and show that at leading order they can all be written
in terms of classical fields with simple retarded boundary conditions. In order to stress the
special role played by inclusive observables, we discuss briefly in the last section the technical
complications that arise when one considers exclusive observables.
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Finally, we extend our study of inclusive quantities by computing the corrections they
receive at next-to-leading order (NLO). As we shall see when we turn to the Color Glass
Condensate and heavy ion collisions, the main goal of computing these quantities at NLO is
to extract the large logarithms of the collision energy that they contain, and to resum these
logarithms.

2.1 Power counting

Let us consider a scalar field theory coupled to a source j, whose Lagrangian is

£ = 2(0u0)(0%) ~ U(d) + b - e

The potential U () encodes the self-interactions of the field ¢. The points we discuss in this
chapter do not depend on the details of U(¢), but when we draw examples of diagrams we
usually assume cubic or quartic interactions for simplicity. For convenience in the subsequent
power counting, we write the terms in this potential as'

gd®, g*o*, g .- 2.2)

We assume that all the coupling constants have the same order of magnitude in case there
are several interaction terms in U(¢), so that a unique parameter g appears in the power
counting.

The Feynman rules for this theory are the usual ones, where the time-ordered propagator
in momentum space reads’

i

0 _
G,(p) = pTric’ (2.3)

and where the contribution of a 4-particle vertex is —igZ. In momentum space, a source j
attached to the end of a propagator of momentum p contributes a factor ij(p) (where j is the
Fourier transform of j).

The source j(x) is a given function of space-time, fixed once for all (we do not consider
the question of averaging over an ensemble of such j’s in this chapter). To make things
interesting, we assume that j(x) is large. By large, we mean that j is proportional to the
inverse coupling g~' — we call this situation the dense regime. In contrast, the situation
where the external source j is small —typically of order g— is called the dilute regime. As
one can see in the figure 2.1, there is a crucial difference between the dense and the dilute
regimes when one studies particle production: in the dense regime, any vertex connected to a
source j does not contribute to the overall order of magnitude of the diagram, since the factor
g brought by the vertex is compensated by the g~ from the source it is attached to.

Let us make this point more precise. Consider a simply connected diagram (see figure
2.2), with n, external legs, n, internal lines, n, independent loops, n, sources, and n£/3 )

1Only the dependence on the coupling constant is written here. In general, these interaction terms must have
additional dimensionful factors. For instance, in four space-time dimensions, the interactions terms should be of the
form g"—2Q* "™, where Q is some quantity or operator that has the dimension of a mass. In four dimensions,
only the ¢* interaction term has a dimensionless coupling constant. Terms with 1. > 4 are non-renormalizable
interactions, and Q is the scale at which they become relevant.

2Throughout this document, the propagators are normalized with an i in the numerator, so that in coordinate
space Dng (x,y) = —id(x — y).
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Figure 2.1: In these graphs, each circular dot represents one power of the external source j. Left:
typical graph contributing in the dilute limit j ~ g. Right: typical graph in the dense case
S
J~9

Figure 2.2: Connected subdiagram of a generic graph in the dense regime. In this example,
ng=5n,=1,n, =4n = 1,n§/3) =5andnl’) =2.

cubic vertices, “5/4] quartic vertices, etc... These parameters are not all independent. First,
the number of propagator endpoints should match the available sites to which they can be
attached. This leads to a first identity,

n, +2n, =n, + 3n(v3) +4n(v4) + SnE/S) + - 2.4)

A second identity expresses the number of independent loops in terms of the other parameters,

nL:nI_(n£/3)+ni/4)+n£/5]+...)_n]-|—] . (2.5)

It is obtained by recalling that the number of independent loops is the number of momenta
flowing in the diagram that are not constrained by energy momentum conservation or by the
choice of the external momenta that enter in the diagram. Each vertex provides a constraint
among the momenta running on the 1, internal lines since the sum of the momenta arriving
at a vertex must be zero. Similarly, each source provides a constraint, for the same reason.
The final 41 is due to the fact that one of these constraints has to be a linear combination of
the others, because of the global momentum conservation in the diagram.

Thanks to these two relations, the order of a diagram can be written as
(3) (4) (5) ...
gty TN M = g2 g g2 (gf)™ (2:6)

First, we see that the final result does not depend on the number of vertices and on the number
of internal lines; only the number of external legs, the number of independent loops and the
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number of sources appear in the result. Moreover, because we have assumed strong sources,
the factor (gj)™ in the right hand side is of order unity and can be ignored in the power
counting. In this case, the order of a diagram does not depend on its number of sources, and
an infinite number of diagrams —with fixed n, and n, but arbitrary n, - contribute at each
order.

Note also that the previous power counting formula only applies to simply connected
graphs. For graphs that are made of several disconnected subgraphs, the formula should be
applied separately on each subgraph.

It is also interesting to discuss the order in the Planck constant i of a given diagram.
Recall that i has the dimension of an action, so that the relevant quantity is the dimensionless
ratio

S 4 1 O 1 j
— = —=b—p—=-U =] . 2.7
R Jd"{ 7R P RU@I F o 7

One can thus apply the following mnemonic rules in order to compute the order in i of a
given diagram,

i. a propagator has anh in the numerator,
ii. each vertex has ah™' s

jii. each source hasaR™'.

Therefore, the order in h of a generic connected diagram is given by

B3 (M) (5,
hnE—O—nI ny—n n n,

v Vv

C=RMefMT (2.8)

We see that the order in R increases as the number of loops, the number of external legs n,
being held fixed. A particularly important case, that we shall encounter frequently later on,
is that of 1-point functions, i.e. n, = 1. At tree level (n, = 0), this object is of order ho,
and is thus classical. As we will see, 1-point functions at tree level are in fact solutions of the
classical equation of motion for the field, in accordance with the RO power counting.

2.2 Generic features of the particle distribution

2.2.1 Exclusive and inclusive observables

Our main goal is to study particle production in a field theory whose Lagrangian is given by
eqg. (2.1), having in mind applications to heavy ion collisions described in the Color Glass
Condensate framework. However, before exposing the tools that allow such a study, let us
discuss in this section some generic aspects of the distribution of the produced particles. We
limit ourselves here to those features that can be assessed without any detailed calculation,
e.g. that follow simply from power counting arguments or unitarity considerations.

The initial state will always be assumed to be empty?, i.e. to be the state ‘Oin>. Particle
production is encoded in the transition amplitudes

<P1 T pnout|0in>» (2.9)

3Here, empty means that the only objects present in the initial state are those described by the external source j.
In applications to heavy ion collisions, the two colliding nuclei will be encoded in such source terms. In this context,
empty will therefore mean that only the two nuclei are present in the initial state.
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that connect the in- vacuum state to a final state populated with n on-shell particles of mo-
menta p; to p,,. Any observable related to particle production in this field theory can be
expressed in terms of these amplitudes. For instance, the differential probability of producing
exactly n particles is given by*

dPy 1 1 1 2
- ut0; 2.10
Bp, - dBp,  nl2m32p | (2m)32pn [(P1 -+ Prou|On) | (2.10)
where p = |pl. More important in practical applications are inclusive observables. The
simplest one is the inclusive single particle spectrum, defined by
le — 3 3 dPn+1
— = H|d -oed . 2.11
d*p HZZO(THL )J P Pr $pdip, - dp, @1

Experimentally, this observable is obtained by the following procedure: for each event, make
an histogram of the number of produced particles according to their momentum. Then, count
the number of particles in the bin of momentum p, and finally average this number over many
events. Such a quantity is said inclusive because in its definition one particle is singled out,
and all the other particles that may have been produced are integrated out.

2.2.2 Vacuum-vacuum diagrams

It is very handy to formulate the discussion of particle production from external sources
in terms of the vacuum-vacuum diagrams. Vacuum-vacuum diagrams are simply Feynman
diagrams that have no external legs (i.e. for which n, = 0). They are contributions to the
vacuum-to-vacuum transition amplitude <Oout|oin>7 hence their name. The vacuum-vacuum
diagrams also show up as disconnected factors in the perturbative expansion of any amplitude
with external legs.

When one considers a field theory in the vacuum (i.e. with no external source j), the
vacuum-vacuum diagrams are usually discarded. Indeed, it is easy to show that their sum is
a pure phase, that appears as a prefactor in every transition amplitude but has no effect on
transition probabilities. Physically, this is due to the fact that when j = 0, the in- vacuum
must evolve into the out- vacuum with probability unity (since in an unitary theory with j = 0,
particles cannot appear spontaneously from the vacuum).

The situation is very different in a theory in which the quantum fields are coupled to some
external source j. Let us assume that this source is such® that at least one transition from the
in- vacuum to a populated state is non-zero:

Ja#0,  (otou|Oin) #0. (2.12)

From unitarity, we know that

|<Oout|oin>|2 + Z |<(Xout|0in>|2 =1 ) (2.13)
ax#0

4Throughout this document, the states are normalized so that <p|q> =2p(2n)35(p — q).

SFor instance if j(x) has time-like Fourier modes, particles can be produced by a single source. In the color
glass condensate, the kinematical properties of the sources are such that one needs at least two sources to produce a
particle. In some cases, particles cannot be produced by any finite number of sources, but can be produced by some
non-perturbative mechanisms (this is for instance what happens in the Schwinger mechanism).
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where we have isolated the vacuum from the populated states in the sum over the final states.
Thus, we conclude that

| (OoueOw)|* < T, (2.14)

which means that the sum of the vacuum-vacuum diagrams is not a pure phase. Consequently,
they cannot be discarded because they have a non trivial effect on the transition probabilities.

The sum of the vacuum-vacuum diagrams, (Oou|Oin), contains both simply connected
and multiply connected diagrams. However, it is well known that the complete sum is the
exponential of the sum of the simply connected diagrams. Hence, we can write

{Oou |0} = €VD | (2.15)

where 1V[j] is the sum of all the simply connected vacuum-vacuum diagrams (it is a func-
tional of the external source j). The prefactor i has been included for convenience. The
diagrammatic expansion of iV[j] starts as follows

iV[jl = .—.+;-’—<+;_>—<+;_>—T—<+m (2.16)

in a theory with cubic interactions. We have represented only tree diagrams in the right hand
side, but of course 1V[j] contains diagrams at any loop order. The rational number preceding
each diagram is its symmetry factor. Note that the condition of eq. (2.14), that must be
fulfilled in order to produce particles from the sources, can be rewritten as

e 2mVGl _ 4 , (2.17)

which requires that Im V[j] # 0. This can only happen in a field theory coupled to an external
source. If j = 0, all the vacuum-vacuum diagrams are purely real and this condition cannot
be satisfied.

If we write eq. (2.6) in the specific case n, = 0 of connected vacuum-vacuum diagrams,
we get

g 2™ (gi)™ ~g 2 9P . (2.18)
(The right hand side is valid in the regime of strong sources, where gj ~ 1.) Thus, we see that
all the tree connected vacuum-vacuum diagrams are of order g~2, all the 1-loop ones are of
order g°, etc...

This has several consequences. First, the argument of the exponential in eq. (2.15) is
of order g=2 >> 1, which means that the vacuum-to-vacuum transition amplitude is very
different from unity (we already knew that its modulus is smaller than one, we now know
that it is exponentially small). Also, since the argument of the exponential is of order g2,
this implies that any quantity in which <00ut’0in> appears as a prefactor is bound to have a
pathological perturbative expansion®, since expanding the exponential generates arbitrarily
high powers of g—2. We will see that this problem affects the expression of the probabilities

P.., but that the inclusive quantities are free of this pathology.

The second consequence of the above power counting is that all the tree diagrams con-
tribute at the same order in 1V[j], which means that even the calculation of its leading order
requires the resummation of an infinite series of diagrams.

5The function f(z) = exp(—1/z) does not have a Taylor expansion around z = 0. Note however that quantities
that have this problem may have a generalized expansion of the form exp(—A) * B, where A and B have well defined
perturbative series.
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2.2.3 Cutting rules

Let us first discuss the cutting rules [94, 95] for vacuum-vacuum graphs in theories with
external sources. These rules, for instance, can be employed to compute the imaginary part
of V[j], which plays a crucial role in the study of the distribution of the produced particles.

One starts by decomposing the free Feynman (i.e. time-ordered) propagator in two pieces
according to the time-ordering of the endpoints’

G(x,y) = 0(x° —y)G°, (x,y) +0(y° —x*)G%_(x,y) . (2.19)

This equation defines the functions G° , and G _. The notations for these objects have been
chosen in order to emphasize the analogy with the Schwinger-Keldysh formalism (see [96,
97], and our brief summary in appendix A). Pursuing this analogy, the Feynman propagator
G(F) will be denoted Go+ 4. We introduce also the anti—time-ordered propagator G°  defined
as

G2 _(xy) =8(x* —y®)GI_(x,y) + 0y —x°)G%, (x,y) . (2.20)
Note that the four propagators so defined are not independent, but obey the identity
G, +G°_ =G° +GY_. (2.21)

In addition to these four propagators, we will introduce two kinds of vertices, of type 4 or —.
The vertex of type + is the ordinary vertex and gives a factor —ig in Feynman diagrams. The
vertex of type — is the opposite of the + vertex, and its Feynman rule is +ig. Likewise, for
insertions of the source j, insertions of type + appear with the factor +ij(x) while insertions
of type — appear instead with —ij(x). The motivation for introducing these additional vertices
and sources will become clear shortly.

For each Feynman diagram iV (containing only “+” vertices and sources) contributing
to the sum of connected vacuum-vacuum diagrams, define a corresponding set of diagrams
1V[¢,} by assigning the type €; to the vertex or source 1 of the original diagram (and connect-
ing a vertex or source of type € to a vertex or source of type €’ with the propagator G 26,).
Each €; can be either of the “+” or “-” type. Clearly the original Feynman diagram under
consideration is nothing but iV{, ...;,. This generalized set of diagrams has 2™ terms if the
original diagram had n vertices and sources. These diagrams obey the so-called largest time
equation [95, 98]. If one considers these diagrams before the times at the vertices and sources
have been integrated out, and if one assumes that the vertex or source with the largest time is
numbered i, it is easy to prove that

WViie oy Ve =0, (2.22)

where the dots denote the exact same configuration of €’s in both terms for the vertices and
sources that do not carry the largest time. This equation leads immediately to a constraint,

Y iV, =0, (2.23)
{ei=%}

where the sum is extended to the 2™ possible configurations of the €’s in the Feynman dia-
gram of interest.

"The superscript 0 indicates free propagators.
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This identity, being true for arbitrary times and positions of the vertices and sources, is
also valid for the Fourier transforms of the corresponding diagrams. This is where its role
as a tool for calculating the imaginary part of a Feynman diagram becomes apparent. To see
this, we first write down the explicit expressions for the Fourier transforms of the propagators
GL.

i
GO++(P) = m»
0 i
G—_[p) = T i’
G%,(p) = 27m0(p°)s(p?),
Gy (p) = 2m0(—p°)5(p?) . (2.24)

G% _(p) is the complex conjugate of G, (p), while G%_(p) and G, (p) are purely real.
We are dealing only with vacuum-vacuum diagrams here, and all the momenta in the dia-
gram are therefore dummy integration variables that we are free to change. Exploiting this,
changing the signs of all the momenta flowing from the sources, and using the fact ® that
j(=k) = j*(k), we see that a vacuum-vacuum diagram with only — vertices and sources is
the complex conjugate of the corresponding diagram with only + vertices and sources. As a
consequence, we have

Vi +iVe . =iV g+ (iV.y) = —2ImV. (2.25)
We can therefore rewrite the imaginary part of the original Feynman diagram V as
2ImV =) iV, (2.26)
[ei=%]

where the subscript [e; = +] in the sum indicates that the two terms where all the vertices
and sources are of type + or all of type — are excluded from the sum.

For a given term in the right hand side of the above formula, one can divide the diagram in
a set of simply connected subgraphs, each containing only + or only — vertices and sources.
Note that such subgraphs can exist only if they contain at least one external source. They
would otherwise be zero by energy conservation’. The frontier between the + regions and the
— regions of the diagram is referred to as a cut and each diagram in the r.h.s. of eq. (2.26) is
a cut vacuum-vacuum diagram. Eq. (2.26) is an identity for the imaginary part of a particular
connected vacuum-vacuum Feynman graph; the imaginary part of the sum of all connected
vacuum-vacuum Feynman graphs is therefore the sum of all cut connected vacuum-vacuum
Feynman diagrams. At tree level, the first terms generated by these cutting rules (applied to
compute the imaginary part of the sum of connected vacuum-vacuum diagrams) are

2ImV[j] = Lo

{ F‘*v AR
B R G O T G

e
+-- (2.27)
8This is because the source j(x) is real, which, in turn, follows because the Lagrangian defined in eq. (2.1) should

be Hermitian. Of course, this is the case in the Color Glass Condensate framework.
9This explains why the vacuum-vacuum diagrams in a theory where j = 0 are purely real.

o‘—-
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The + and — signs adjacent to the grey line in each diagram here indicate the side on which
the set of + and — vertices is located. As one can see, there are cuts intercepting more than
one propagator. In the following, a cut going through r propagators will be called a r-particle
cut.

The above discussion explains at a more technical level why vacuum-vacuum diagrams
are not pure phases in theories with fields coupled to time-dependent external sources. The
squared modulus of their sum is the exponential of the imaginary part of the connected
vacuum-vacuum diagrams, which is a sum of cut Feynman diagrams. These cuts are zero
in the vacuum because energy cannot flow from one side of the cut to the other in the absence
of external legs or sources. This constraint is lifted if the fields are coupled to time-dependent
external sources. Thus, in this case, cut vacuum-vacuum diagrams, and hence the imaginary
part of vacuum-vacuum diagrams, differ from zero.

2.2.4 Probability of producing n particles

Our previous discussion focused on the vacuum-vacuum diagrams generated in the per-
turbative expansion of transition amplitudes. All transition amplitudes contain the factor
exp (i\?[j]), which, in the squared modulus of the amplitudes, transforms into the factor
exp ( —2Im V[j}). The power counting rules derived earlier tell us that the sum of all the
connected vacuum-vacuum diagrams starts at order'’ g=2. Hence, we will write

) (2.28)

where a denotes a series in 92“ that starts at order n = 0; the coefficients of this series
are functions of gj. Thus, the vacuum-to-vacuum transition probability is exp(—a,/g?). The
simplest tree diagrams entering in a/g? were displayed in eq. (2.27).

We now turn to the probabilities for producing n particles. For now, our discussion is
more intuitive than rigorous, with precise definitions to be introduced later in the chapter.
Besides the overall factor exp (iV[j]), the transition amplitude from the vacuum state to a
state containing one particle is the sum of all the Feynman diagrams with one external line.
These diagrams start at order g—'. The probability to produce one particle from the vacuum
can therefore be parameterized as

2 by

? )

P, = e—a/g (2.29)

where by is, like a, a series in g°™ that starts at n = 0. by /g? can be obtained by performing
a 1-particle cut through vacuum-vacuum diagrams. In other words, by /g? is one of the
contributions in a/g?. Diagrammatically, by /g? starts at tree level with

by
g2

— o oo

elorelel el
NI

10From now on, we do not write explicitly the dependence in the combination gj because we assume that the
sources are strong and this combination is of order unity. All the coefficients in the expressions we write in this
section depend implicitly on gj.

(2.30)
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Consider now the probability P, for producing two particles from the vacuum. There
is an obvious contribution to this probability that is obtained simply by squaring the b /g?
piece of the probability for producing a single particle. This term corresponds to the case
where the two particles are produced independently from one another. But two particles can
also be produced correlated to each other. This correlated contribution to P, must come from
a 2-particle cut through simply connected vacuum-vacuum diagrams. Let us represent this
quantity as b, /g?. Diagrammatically, b, /g? is a series whose first terms are

b>
g2

e .—-(:+é.-4<\x+:);-l~< +:}o—+<:+;o-4<x‘+éol—*~<
e ' 2.31)

The net probability, from correlated and uncorrelated production, of two particles can there-
fore be represented as

2
11 bz} . (2.32)

—e—a/9” | _
P2=e [21 g* ¢
The prefactor 1/2! in front of the first term is a symmetry factor which is required because
the two particles in the final state are indistinguishable.

Let us further discuss the case of three particle production before proceeding to the gen-
eral case. One (uncorrelated) term will be the cube of by / 92 (with a symmetry factor 1/3!).
A combination byb;/g* will also appear, corresponding to the case where two of the parti-
cles are produced in the same subdiagram, and the third is produced independently. Finally,
there is a fully correlated three particle production probability corresponding to the three par-
ticles produced in the same simply connected diagram. We shall represent this contribution
by b3 /g?. More precisely, bz /g? is the sum of all 3-particle cuts in a/g?. Diagrammatically,
some of the simplest terms in bz /g? are

by Lo » \r—f
e - Y LI

4. (2.33)
(Only a few terms have been represented at this order, due to the large number of possible

permutations of cuts across the various legs.) The probability of producing three particles
from the vacuum is then given by

3
167, bib bﬂ. (2.34)

— by
3! 96 94 92

The previous examples can be generalized to obtain an expression for the production of
n particles —for any n— that reads

n

ayg? l bm"‘br

h=e /9 Zp! > o (2.35)
p= T+ F+Trp=n

In this formula, p is the number of simply connected subdiagrams producing the n particles,
and b,./g? denotes the contribution to the probability of the sum of all r-particle cuts through
the connected vacuum-vacuum diagrams. This formula gives the probability of producing n
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particles to all orders in the coupling g. (Recall also that, in addition to the factors of g°
that appear explicitly in the formula, the quantities a, b, are themselves series in g°™ where,
further, the coefficients of the series are functions of gj ~ 1). It should be noted that this
formula has in fact little to do with quantum field theory: any probability distribution for a
discrete quantity can be written in this form that expresses how a set of . identical objects
can be decomposed into p independent clusters. Similar formulas can be found in [99, 100].

2.2.5 Unitarity

In our framework, unitarity implies that the sum of the probabilities P;, is unity:

Y Pt (2.36)

Y Pn=exp [—; n lz Zbrl . (2.37)

Unitarity therefore requires that
[ee)
a= Z b, . (2.38)
r=1

This relationship between a and the b,.’s is in fact an identity following directly from their
respective definitions. Indeed, recall that (see eq. (2.28)) a/ g2 is the sum of all the possible
cuts of simply connected vacuum-vacuum diagrams. On the other hand, b, /g? was defined
as the subset of connected vacuum-vacuum diagrams with r-particle cuts. (Recall that these
are cuts that intercept v propagators.) The sum of these over all values of 1 is therefore equal
to a/g? by definition.

2.2.6 Moments of the distribution

Moments of the distribution of probabilities P;, are easily computed from the generating
function

G(x)=) Pne™, (2.39)

such that <Np> = G)(0). Using eq. (2.35), this generating function can be evaluated in
closed form, and one obtains

1 & 1 &
G(x) = e—a/9’ exp [2 Z brem‘| =exp [2 Z b.(e™ — 1)] . (2.40)
9 r=1 9 r=1
The mean of the distribution of multiplicities, (N) = > nPy, is
] o0
(N) =G'(0) = ?Zrbr. (2.41)
r=1
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The average multiplicity is therefore given by the sum of all r-particle cuts through the con-
nected vacuum-vacuum diagrams, weighted by the number 1 of particles on the cut. The
second derivative of G(x) at x = 0 is simply

G”(0) = (N?). (2.42)

The variance of the distribution, (N%) — <N>2, can instead be obtained directly from the
second derivative of

g(x) =InG(x) = éZbT(eTX—U (2.43)
r=1
at x = 0. Thus,
(NZ) —(N)? = g"(0) = glzzrzbr : (2.44)
r=1

More generally, the connected part of the moment of order p reads
1 o0
(NP comesea = 97'(0) = 3 D 17r - (2.45)
r=1

One sees that if b, # 0O for at least one v > 1, the variance and the mean are not equal
and the distribution is not a Poisson distribution. The converse is true: it is trivial to check
that eq. (2.35) is a Poisson distribution if by # 0 and b, = O for all r > 1. Indeed, in this
case, eq. (2.35) becomes

n
p e bi/e? 1 (‘”) _ (2.46)
n! \ g2

2.2.7 Clustering properties

Eq. (2.35) also provides informations about the clustering properties of the distribution of
produced particles. Here, we call a cluster of size r a set of r correlated particles —i.e.
particles which are produced in the same simply connected graph.

Given the definition of b, /g? as the sum of all the simply connected cut vacuum graphs
that have exactly r cut lines, it is clear that the r on-shell particles corresponding to the cut
lines form a cluster (since they belong to the same connected graph). Therefore, eq. (2.35)
can be seen as a sum over all the possible cluster decompositions of a set of n particles. In this
formula, p is the number of clusters (ranging from 1 to ), and for a given p one sums over all
the partitions of n particles into p clusters of respective sizes 1, -+ ,Tp (N =T1 +- - +71p).

From this interpretation, one can derive a number of results regarding the distribution of
clusters in the final state. In order to do this, one needs the probability of having m; clusters
of size 1, m; clusters of size 2,etc. It is given by

2 1 (b ™
P({m,}) = e /9 = H(ZZ) . (2.47)
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From this formula, one can first rederive the probability distribution of the particle number n
by writing P,, as

Pn = > P({m,}) . (2.48)
{m.} Y, rm,=n
Naturally, one recovers eq. (2.35).

The next quantity one can obtain is the probability distribution for the number p of clus-
ters in an event:

(Zr br/gz)p efa/g2 .

P)= )  PUm))= o

{m: 2, me=p

(2.49)

Since a = ZT b, we see that the number of clusters follows a Poisson distribution of av-
erage <p> = 5 _b,/g?. The fact that this distribution is a Poisson distribution was obvious
from the start, since by definition there are no correlations between clusters (each cluster is a
separate disconnected graph). One can also compute the average number of clusters of size v
in an event:
b,
(myy =Y P({mg}) m, =—, (2.50)
{ms} g

which provides another interpretation for the meaning of the quantity b, /g%. In particular,
for a Poisson distribution the only clusters are 1-particle clusters, i.e. the only non-zero <mT>
is <m1 > Thus, we recover the fact that for a Poisson distribution, the only non-zero b;. is b;.

As one sees, all the properties of the distribution of clusters are encoded in the b,.’s. Given
the b,.’s, one can obtain the multiplicity distribution via eq. (2.35) but it is also possible to do
the reverse, by noting for instance that

b, dz — N
?zﬂﬁﬁz " 1n;pnz , @51)
J .

where the integration is done in the complex z-plane over any closed curve y that circles once
around the origin z = 0 in the counter-clockwise direction.

2.3 Generating functional

2.3.1 Definition of the generating functional

Any quantity that can be expressed in terms of the squares of the amplitudes defined in
eq. (2.9) can be derived from the following generating functional !,

v 1 [ &p d*p,, 2
TP r;)MJ(Zﬂ)32P1  @rpzpy APV P [Py Prou| O 252)

" This generating functional is a generalization of the generating function introduced in eq. (2.39). Indeed, one
obtains G(x) by evaluating F[z(p)] for a constant z(p) equal to e*: G(x) = Flz(p) = e*]. The main purpose
of introducing a generating functional that depends on a momentum-dependent argument (as opposed to a constant
one) is that this more general object allows one to keep track of the momentum of the produced particles.
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where z(p) is an arbitrary test function over the 1-particle phase-space. In particular, the
differential probabilities and the single particle inclusive spectrum are obtained as functional
derivatives of Fz(p)] :

dP, B l SN Flz(p)]
3py - d3py n! 8z(py) - 8z(Pn) o (py—o
dN, 5F[z(p)]
- 2.53)
dp 82(P) |p)—1 (

As one can see on these two example, observables in which the final state is fully specified
correspond to derivatives evaluated at z(p) = 0, while inclusive observables —in which most
of the final state is simply integrated out— correspond to derivatives evaluated at z(p) = 1.
This is in fact a general property. For instance, the inclusive 2-particle spectrum is

dN; 52F(z(p)]

d*pdiq  5z(p)sz(q)

and this formula has an obvious generalization to the case of the inclusive n-particle spec-
trum.

) (2.54)
z(p)=1

2.3.2 Importance of unitarity

As we shall see, inclusive observables are much simpler to calculate than the exclusive ones.
To a large extent, this simplification is due to unitarity. The simplest consequence of unitarity
is

Flzlp)=1=1. (2.55)

To check this identity, one should start from the definition of the generating functional in
eq. (2.52), to see that

Flzp)=1=) Pu, (2.56)
n=0

where P, is the total probability of producing exactly n particles. The sum of these prob-
abilities must be equal to one in a unitary theory. Had one evaluated Flz(p)] at z(p) = 0
instead, one would have obtained F[z(p) = 0] = Py, which is a very complicated object.
These considerations show that it is much simpler to study the generating functional near the
point z(p) = 1 than near the point z(p) = 0. In terms of a diagrams, the identity (2.55)
corresponds to an exact cancellation among an infinite set of diagrams when one evaluates

Flz(p)latz(p) = 1.

2.3.3 Diagrammatic interpretation of F[z(p)]

The reason why we discussed at length vacuum-vacuum diagrams in the previous subsection
is that they play an important role in organizing the calculation of other quantities. The key
observation here is that the sum of the vacuum-vacuum diagrams is nothing but the generating
functional for time-ordered Green’s functions. More precisely, one has

5 5 V[j+n]
- . [ . (2.57)
m(x1)  idn(xn) n=0

(Oou|Td(x1) -~ d(xn)|Ow) =
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In order to see this, one should compare the eq. (A.10) for the generating functional Z[n] of
time-ordered Green’s functions (in the appendix A) with the following formula'? for the sum
of the vacuum-vacuum diagrams :

+oo
eVl = (Ogu|Oin) = (0w |T eXpiJ d*x [Line(din(x))] |Oin) - (2.58)

Therefore, we obviously have
Zl = etVh+n] , (2.59)

which implies eq. (2.57).

Then, it is easy to obtain a formal but useful formula for F[z(p)]. Start from the Leh-
mann—Symanzik—Zimmermann [101] reduction formula for the transition amplitude to a final
state with n particles,

<p_| Ce pnout’Oin> = in J d4X] L. d4xn ei(Pl X1+ FPnXn)

XDX] "‘Dxn <Oout|T¢(X1)"'¢(Xn)|oin> . (260)

By plugging eq. (2.57) in this reduction formula and squaring the result, we can write the
squared amplitude as

2 VT v
[(P1 -+ Prow[On)|” = Cp, - Cp eI I 2.61)
where the operator €, is defined by
4,34 ip-(x—y) 8
C Ejd xd'yeP* ¥V O,0, ——————. (2.62)
P Y Yy (x)on—(y)

In the right hand side of eq. (2.61), the factors exp(iV) and exp(—iV*) come respectively
from the amplitude and its complex conjugate. Note that it is essential to keep their arguments
distinct-hence the separate 1 and 1_—so that the two derivatives in the operators Cp, act on
different factors. One should set 1+ to zero only after all the derivatives have been evaluated.
The final step is to substitute eq. (2.61) into the definition (2.52) of F[z(p)]. One obtains
immediately

Flz(p)] = exp J (137p 2(p) Cp| eVitm+l e=tVili+n-] . (2.63)

(2m)32p P 1e=0

We will use extensively this formula in order to derive expressions for various observables.

Let us now turn to the diagrammatic interpretation of F[z(p)], which can be inferred from
eq. (2.63). In order to do that, we need the eq. (A.22) established in the appendix A.3. Indeed,
the last two exponentials are respectively Z[r ] and Z*[n_] (thanks to eq. (2.59)), and it is
easy to check that the operator in the first exponential is identical to the first exponential of
eq. (A.22) except for the additional factor z(p), since

3
GO (x,y) = J (2?[)7?2‘;) et (xy) (2.64)

12Here, the interaction term of the Lagrangian L, comprises both the self-interactions of the fields, and their
coupling to the external source, i.e. Liny = —U(d) + jb.
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Therefore, eq. (2.63), before we set the sources 1. to zero, is the generating functional for
correlators in a z-modified Schwinger-Keldysh formalism !* in which every off-diagonal free
propagator (G° _ and G® ) is multiplied by z(p) in momentum space. Because we are going
to reuse this object later, let us denote
Whe,jl = d*p V+n ] g—iV* [4+n ]
e = exp m Z(p) Gp e e . (265)
Since we must set 11 to zero in order to obtain F[z(p)] according to eq. (2.63), we see
that F[z(p)] is the sum of all the vacuum-vacuum diagrams'* in the z-modified Schwinger-
Keldysh formalism.

2.3.4 First derivative of F[z(p)]
General formula

There is no simple expression for the generating functional F[z(p)] itself, but it turns out that
it is much easier to find a formula for its first derivative dF[z(p)]/dz(p). Using eq. (2.63)
and the explicit form of the operator Gp, we can write this derivative as

8Flz(p)]

5z(p)  (2m)32p
[&W[ﬂi)j] 8iWhy,jl 5*WMlj]
me(x)  n-(y)  me(x)m-(y)],, o

J d*xdy e ) g Wine il o o

(2.66)

Since when evaluated at 1 = O the exponential in the first line is nothing but the generating
functional F[z(p)] itself, we can also write

dInFlz(p)]

1 .
= ——— |d*xd’y e 0,0
52(p) (zmﬂzpj rave v

x [ (x)o—(y) + G+ (x,y)] . (2.67)

where we have introduced the following objects :

_ 5iWhn,j]
(Pi(x) = &ﬂi(x) a0 )
521W[T1i»j]
(%, — B ) 2.68
95— (%y) EReram] N (2.68)

Note that these objects depend on the external source j and on the function z(p), although we
have not written this dependence explicitly in order to keep the notations compact. From this
definition, and the fact that exp(iW) is the generating functional for Green’s functions in the
z-modified Schwinger-Keldysh formalism, we see that @ (x) and G _ (x, y) are respectively

13See the appendix A for a reminder on the Schwinger-Keldysh formalism.
141t is a general result that the generating functional for correlators, when evaluated at ) = 0, is equal to the sum
of the vacuum-vacuum diagrams in the theory under consideration.
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connected '° 1- and 2-point Green’s functions in this formalism. Diagrammatically, eq. (2.67)
can be represented as follows:

snle(p)] _ y" + PP o)
52(p) o
p

where the shaded blobs represent the functions ¢+ and G, _ that have been amputated of
their external legs (by the [y , operators), and where the crossed line that appears in the
diagrams carries the on-shell momentum p.

Leading order

The order of magnitude of these objects is easily obtained from our general results for the
power counting of connected graphs :

S~ ~ 00). (2.70)

Therefore, the first derivative of In F[z(p)] starts at the order g—2. Moreover, at this order,
only the first term in @ (x)@_(y) contributes. The term in G _ starts contributing only at
the next-to-leading order. A further simplification at leading order is that it is sufficient to
keep tree level contributions to the 1-point functions ¢.. Thanks to their tree structure, it is
possible to write recursive integral equations that sum all the diagrams contributing to @ at
leading order :

ool = i[d'y 62 (xy) ity ~ W)
~t[ @y & ny) ity - Ulo-w)]
o0 = i[d'y L (xy)[ity) ~ W)
~t [ @'y 62 vy fity) ~ Ule- ()] - @)

In these equations, G(}r 4 and G° _ are the diagonal components of the free propagator in the

Schwinger-Keldysh formalism, and Gif,éi _ are its non-diagonal components, appropri-
ately modified by the function z(p). In momentum space, they read:

G, (p) = 2mz(p)o(—p°)s(p?),
Gl.(p) = 2mz(p)0(+p°)5(p?). 2.72)

In the appendix B.5.2, we show that the solutions @4 of coupled integral equations such as
egs. (2.71) are solutions of the classical equation of motion,

Oxpx(x) + W(ex(x) =jx), (2.73)

5They are connected because they are obtained by differentiating the logarithm of the generating functional.
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with the following boundary conditions

i (—o0,p) = ) (~00,p) =0,
7 (+o0,p) = z(p) 7 (+oo,p)
£ (oo, p) = z(p) £ (400, p) . (2.74)

Here, the boundary conditions have been written in terms of the coefficients of the Fourier
decomposition of the fields @4,

d*p —ip- - ip-
Pely) = Jm [féﬂ(yo,p) e Y 41U (Yo p)ettt y} . (2.75)
By plugging the Fourier representation of ¢ in the general formula (2.67) (and setting
G+— = 0 at this order), we get a very simple formula for the first derivative of In F[z(p)] at
leading order:
51InF(z(p)] 1 (+) (=)
= f f . 2.76

LO

One can note that the dependence on the function z(p) enters in the fields @4 only via the
boundary conditions they satisfy, since the equation of motion itself does not contain z(p)
explicitly. The second remark is that it is in general extremely difficult to solve a non-linear
partial differential equation with boundary conditions imposed both at xX° = —oo and at
x® = +o00. Therefore, one should not hope to be able to find solutions of this problem (either
analytically or numerically). Nevertheless, this result for the first derivative of the generating
functional F[z(p)] is very useful as an intermediate tool for deriving other results, as will be
shown in the rest of this chapter.

2.4 Inclusive moments at leading order

2.4.1 Single inclusive spectrum

Let us now show how to obtain inclusive moments (for now, at leading order) from eq. (2.76).
The simplest one is the single inclusive spectrum,

dN; _ 3F(z(p)]

d*p - 5z(p) Lo
At leading order, it is simply obtained by evaluating eq. (2.76) at the special point z(p) = 1,
since F[z(p) = 1] = 1. This means that one must solve the classical equation of motion with
boundary conditions (2.74) in which one sets z(p) = 1. As explained in appendix B.5.2,

setting z(p) = 1 in these boundary conditions simplifies them considerably: when z(p) = 1
the two fields ¢ and @_ are identical,

o+(x) =0_(x) = 0(x), (2.78)

and obey the simple retarded boundary condition

(2.77)

lim @(x°x)=0, lim 9% (x%x)=0. (2.79)

x0——o0 x0——o0

Thus, the prescription for computing the single inclusive spectrum at leading order is the
following:
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i. Solve the classical equation of motion with a null initial condition in the remote past,

ii. Atx® — 400, compute the coefficients '° f(+)(4-00, p) of the Fourier decomposition
of this classical field,

iii. the single inclusive spectrum is then obtained as:

1
— (+)

dN;

(2.80)
d3p

‘ 2

LO

In eq. (2.80), we used the fact that the retarded classical field @ is purely real '7. Therefore,
its positive and negative energy Fourier coefficients are mutual complex conjugates:

) (+-00,p) = [f(”(+oo,p)r - (2.81)

This ensures that the spectrum is a positive definite real number.

2.4.2 Multi-particle inclusive spectra

The n-particle inclusive spectrum is also obtained from derivatives of the generating func-
tional F[z(p)] evaluated at z(p) = 1,

dN,  "TLz(p)]
d3p1 ...d3pn 5Z(p1)5l(pn)

(2.82)

z(p)=1

Note that the n-gluon spectrum defined in this way gives the expectation value of N(N —
1)--- (N —n 4 1) when integrated over the momenta p; to p,, :

dNy, -
n N=n

where P, is the total probability of producing exactly N particles. Since we already have an
expression for the first derivative of In F[z(p)], it is simpler to rewrite eq. (2.82) as follows

dN, B sneln Flz(p)] 2.8
d3p1 "'dspn 5Z(p1)52(pn) z(p)=1 ‘
By performing explicitly the derivatives, we obtain :
dN, B 11[ [ SInF ]
d*py - d3py, i z(pi) z(p)=1
3 Ing SIndF
L [savosso] . I L
i<j 6Z(pi)52(pi) z(p)=1 k#i,j 8z(pi) z(p)=1
4. (2.85)

The terms we have not written explicitly have increasingly high order derivatives (but less
and less factors), up to an n-th derivative in a single factor. However, we do not need these

16Since the fields @ and @_ are equal, there is no need to have a subscript & for these coefficients.
171ts initial condition is real, and its equation of motion involves only real quantities.
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terms. Indeed, we already know that at leading order In F is of order g2 since it is a sum

of simply connected vacuum-vacuum diagrams. Therefore, in the right hand side of this
equation, the first term is of order g—2™, the second term is of order g=2("~1), etc... The
leading contribution is thus the first term, and all the subsequent terms are subleading '®. We
see that, at leading order, the n-particle inclusive spectrum is simply the product of n single
particle spectra:

ANy,
Bpy - dBpa |,

(2.86)

dN
B H a? P1i

i=1

LO

Any deviation from this factorized result has to be a subleading effect '°. Note also that at
this order, there is no difference between the factorial moments <N (N=1)---(N—n+1 )>
and the ordinary moments <N“>.

2.5 Exclusive quantities at leading order

Let us now consider exclusive quantities. This discussion will be very short, and its purpose
is only to illustrate the fact that the calculation of exclusive quantities is considerably more
difficult than that of inclusive quantities.

Let us consider as an example the calculation of the differential probability of producing
exactly one particle. It is obtained from F[z(p)] by the formula

dPy  8F[z(p)] 5 InFlz(p)]
= =P =F =0 —— - . 2.87
a3p 5z(p) 2(p)=0 [L(]P;,)_]/ oz(p) 2(p)=0 ( )
0

We can see two major differences compared to the inclusive quantities studied in the previous
section :

i. The derivative of In F[z(p)] must be evaluated at the point z(p) = 0. At leading order,
it can still be expressed in terms of the Fourier coefficients of a pair of solutions of
the classical equation of motion, via eq. (2.76). However, because now we must set
z(p) = 0 in the boundary conditions (2.74) for these classical fields, they are not
retarded fields anymore®’, and it is much more difficult to calculate them.

ii. The quantity F[z(p) = 0] appears as a prefactor in front of all the exclusive quantities.
This prefactor is nothing but the probability Py for not producing anything, i.e. the
vacuum survival probability. Calculating Py directly is a very difficult task. However,
if one was able to calculate the second factor for all the probabilities Py, P,, - - -, one
could then obtain Py from the unitarity condition ) -~ Py = 1.

These difficulties, observed here on the example of dP;/ dsp, are in fact generic to all exclu-
sive quantities. They have so far prevented any progress in the evaluation of these quantities.
Note however that this is to a large extent an academic problem, since exclusive quantities

18We will need the second term later when we study the next-to-leading order corrections.

19 As we will see in the following chapters, some of these subleading corrections are enhanced by large logarithms
of the energy, and can thus be quantitatively comparable to the leading order contribution.

201t is precisely because in exclusive observables the final state is constrained that the boundary conditions for the
fields cannot be purely retarded.
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—where one specifies in minute detail the final state— are not very interesting for the phe-
nomenology of processes in which the final state has typically a very large number of parti-
cles, parametrically of order g—2. Indeed, in this context, the probability of occurrence of a
given fully specified final state is exponentially suppressed, like e ¢/ 9

2.6 Next-to-Leading Order corrections

2.6.1 Preliminary remarks

In order to save some work, it is useful to determine precisely what one really needs to
calculate in order to obtain the inclusive spectra at NLO. This can be done easily by going
back to eq. (2.85). The first line of the right hand side, evaluated at leading order, gives the
leading order contribution to the n-particle inclusive spectrum. NLO contributions come in
two places:

i. Via an NLO correction to one of the factors § In F/6z(p;) in the first line,

ii. In the second line, with all the factors it contains evaluated at leading order. Thus we
also need the LO contribution to the second derivative 52 In F/8z(p)dz(q).

The first type of NLO correction just amounts to calculating the single inclusive spectrum at
NLO. The second type of NLO correction is somewhat different, and occurs only in the 2-
and more particle inclusive spectra.

2.6.2 Single inclusive spectrum

The single particle inclusive spectrum is given by the first derivative of the generating func-
tional F[z(p)], for which a general formula was given in eq. (2.67). We must now evaluate
this formula at NLO, i.e. at the order g°. Therefore, we need to calculate two quantities:

i. The 1-loop corrections {3+ to the 1-point functions @,

ii. The 2-point function G, _ at tree level.

Since we are not going to calculate further derivatives®! with respect to z(p), it is sufficient
to evaluate these quantities at the point z(p) = 1 — which will simplify considerably the
calculations. In particular, by setting z(p) = 1, we need not distinguish the two fields @+
since they are both equal to the retarded classical field ¢ with a null initial condition at
x® = —o0. In terms of these two objects, the NLO correction to the single inclusive spectrum

reads??

dN;

d3p

— | 4., 34 ip-(x—y)
= mJ’d xd ye DXDU

NLO

x[@(x)B-(y) + B+ (o) + G4 (x,y)] (2.88)

21The second derivative 5% In F/6z(p)dz(q) —that we need in the calculation of the 2-particle spectrum— will only
be needed at leading order. We will obtain it from eq. (2.76), which is valid at LO for any z(p).

22The last term, proportional to S+ (x,y), can be shown to contain the contribution due to the production of
pairs of particle by the Schwinger mechanism [102].
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to be compared with its leading order expression

dN;
d3p

d*xd*y e Y 0,0, e(x)e(y) - (2.89)

=
= 3
o (2m)32p
Let us start with 3. These quantities are the 1-loop corrections to 1-point simply con-
nected Green’s functions. To the propagators that constitute the loop, one can attach any
number of fields @: in other words, they are nothing but the Schwinger-Keldysh propagators
in the presence of a background field ¢. For a generic interaction potential, it is easy to write
B+(x) as follows:
i
Belx) =5 ¥ |42 ¢ el 2) U (0(2)) Serer(2,2) 2.90)

2
e/'=%+

In this formula, the 1/2 is a symmetry factor, the factor €’ in the integrand takes into account
the fact that vertices of type — have an opposite sign in the Schwinger-Keldysh formalism,
and the factor —iU"’(@(z)) is the general form of the 3-particle vertex in the presence of an
external field (for an arbitrary interaction potential Ll).

Thus, we have reduced the calculation of 3 to that of the 2-point functions G4 1 at tree
level. These four propagators are defined recursively by the following equations :

Seer (%, Y) = Gee (x,Y) —IZ Jd“zGO (%,2) U (@(2)) Sner(z,y) . (291)

Here, —iU" (¢ (z)) is the general form for the insertion of a background field on a propagator
in a theory with potential U(¢). From these equations®, it is easy to derive the following
equations :

@
|

[Ox + U (@(x)] S4-(x,y) = [Oy+U"(@(y))] G- (x
[Ox + U (@(x)] 5+ (xy) = [Oy+ U (ey))]G-s(x,y)=0
(2.92)

In addition to these equations of motion, these propagators must become equal to their free
counterparts G _ and G° , whenx®,y® — —co. Once G and G_ have been determined,
it is possible to obtain G, and §__ by the following expressions,

Gi:(6y) = 8(x° =y S+ (xy) +0(y° —x°) G (x,y),

5%y = 0(x°—y) G (xy) +0(y°—x°) 5 s (xy), (2.93)
which follow from the definition of the various components of the Schwinger-Keldysh prop-
agators.

The above conditions determine G, _ and §_. uniquely. In order to find these propaga-
tors, it is convenient to start from the following representation of their free counterparts :

cp
Gg—(X»U) = J'ﬁ ap(X)‘lp(y)»
3
GO, (xy) = J(zi)ifzp ap(x)as(y) (2.94)

23For a more explicit method of solving these equations, see the appendix A.4.

38



where

Ocap(x) =0, lim ap(x)=e PX. (2.95)

x0——0c0

It is trivial to generalize this representation of the off-diagonal propagators to the case of a
non zero background field. One can write :

3
5o (0y) = | G a(Map(y),

(2m)32p
5 lxy) = J(ijfzp ap(x)a(y), 296)
with
Ox + U (@(x)] ap(x) =0,  lim ap(x)=e P>, (2.97)

x0——c0

By construction, these expressions of G, _ and §_, obey the appropriate equations of
motion, and go to the correct limit in the remote past. Thus, the problem of finding the
Schwinger-Keldysh propagators in a background field has been reduced to solving the equa-
tion of motion of a small fluctuation on top of the background field, with retarded boundary
conditions.

2.6.3 Surgery of retarded graphs

At this point, we have all the building blocks in order to obtain the single inclusive spectrum at
NLO. One can go further and obtain a formal relationship between the LO and NLO inclusive
spectra, that will be very useful when we discuss factorization in heavy ion collisions.

The general idea of the following manipulations is that retarded fields evolve causally.
Therefore, it is possible to split their time evolution in two parts, separated by a certain
surface  on which we assume that all the fields or field fluctuations are known. The final
formula of this section will show that all the relevant dynamics above the surface X is already
contained in the LO inclusive spectrum. As discussed in the appendix B, the surface X must
be locally space-like (or at least light-like), i.e. such that specifying the fields and canonical
momenta on £ uniquely determines the fields above X. Thanks to eq. (B.16), one can write
the small fluctuation ay as

axx) = [ 8. [ax- Tu] 0(x), (2.98)
P

where the operator ay - T4, is defined by

5 )
ak 'Tu = ak(u)m + (Tl aak(u))m :

(n* is a unit vector normal to the surface I at the point u, and d3S,, is the measure on Z.)
In this formula, one must consider the classical field @(x) as a functional of its initial value
on the surface L.

(2.99)
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Thus, the propagator G, _(x,y) that enters in the NLO inclusive spectrum can be written
as
d3k

5. (xy) = | s | 4°8u @S, [[ai 1] (9] [[ar- 0] o(y)] - 2100
r

The important point for the applicability of this formula is that the points x and y are both
located above the surface X. This is indeed the case since the single inclusive spectrum
involves only fields in the limit x® — 4o00. (This can be seen for instance in eq. (2.80),
which contains only the Fourier coefficients of the classical field at x° — +o00.) Moreover,
in the case of this observable, the times x° and yo can be taken equal, which allows one to
interchange® ay and aj, and to symmetrize the formula

G (xy) = ;J(z;ﬁl}k idSsu sy { [[at - Tu] 000] [[ax-T0] oly)]

+[[ak'TV] ‘P(X)} [[aii'Tu] @(y)]}. (2.101)

As we shall see now, a similar expression can be obtained for the quantities 3+ that also
enter in the NLO inclusive spectrum. Let us start from eq. (2.90). From eqgs. (2.93), we see
that the propagators G, and §G__ are equal when the two endpoints are evaluated at equal
times2. Therefore, we can write
L L P u : 2.102
: j S’z [Ser02) e (,2) | U (0() aplzlan(z) , (2.102

9 (x,2)

where G, is the retarded propagator in the presence of the background field ¢. This equation
shows that the two field fluctuations . and (3_ are equal. Therefore, we will simply denote
them by f3 in the following. Moreover, it is easy to see that

Belx) =—

" ] " d3k *
Co+ WlobN] B = —3U"(00x) | e arxlawd),
01irE B(x) = 0. (2.103)

This formula means that 3(x) is a small fluctuation propagating on top of ¢, that vanishes
in the remote past, with a 1-loop tadople acting as a source. One can then write a Green’s
formula (see the appendix B for the derivation) for the solution of this partial differential
equation, with a boundary condition set on the surface X :

B(x) — iJ' d3k

- mjdm S, (x,9) U (@(y)) af (y)ax(y)
Q

B1(x)
+ijd38u G, (x, W) (- D —n 3B, (2.104)
>

B2(x)

24The propagators G (x,y) and G (x,y) are equal at equal times (see the section C.3).
251t seems that there is an ambiguity due to the fact that one needs the value of 8(0) in order to evaluate these
propagators at equal times. However, this is not the case since G4 and G4 are equal at equal times.
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where Q is the region of space-time above the surface X. This formula gives the value of 3
at the point x (above the surface X) if we know it at any point u € . Thanks to eq. (B.19),
the second term in the right hand side can be written directly as

Ba(x) = stSu B Tu] @(x). (2.105)
b

Let us now write the first term, 37 (x), in a similar way. The first step is to write the interac-
tions with the background field more explicitly,

Brix) = | d*y G2 y) [Wlo () Br(y)
Q
1 " d3k *
U (0l) | gy aiwaxly)] (2.106)

Consider now the quantity

1( d’k \
&(x) = EJWJdSS“ a*Sy [af - T [ax - Tv] @(x) . (2.107)
z

Our goal is to show that 37(x) = &(x). First, by using the fundamental relation (2.98), this
can be rewritten as

1 d3k .

&x) =5 J Ty J ass, [ak . Tu] ak(x) . (2.108)

2 ) (2m)32k
b3

Next, replace in this equation the fluctuation ay(x) by its representation in terms of the
Green’s formula (B.12):
e =4 [ B @8, fap 1] [ dy 620 U0y arly), 2109
X) = 2 ) 22k u (O - Ly Y L. %y ey axly), (4

b Q
where we have dropped the boundary term from this Green’s formula since the action of T\,
on it gives zero (this boundary term does not depend on the value of @ on X). Finally, we can
expand the action of T, by exploiting the fact that it is a first order differential operator. We
get

2m)32k
b

() = 5[ oot [@se @ty e {Wtow) ot T axty)]
Q
AU (oly) [[ak - Tu] @y arly)}
_ —in“y G2 (x,y) [U” ((y)) ()
Q ]J a’k

U (o(y)) 5 mﬂiﬁ(g)ak(y)}. (2.110)

The second equation is identical to the equation (2.106) that determines 31(x). Therefore,
we have [31(x) = £(x), as announced.
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By combining the results for $1(x) and (3, (x), we finally obtain

1[ d%k \
S [ZJ(ZN)3Zde3S“ @’y [ai - Tu][ax - T
z
+Jd38u [[sﬂru]] @(x) . (2.111)
z

By inserting this expression, as well as eq. (2.101), in eq. (2.88), we can write the single
inclusive spectrum at NLO as follows

dN] _ 1 dSk N R .
E Lo N [ijjd S.a’s, [ak‘TuHak-TV]
b
50 [pTa]] N
+Jd Su [B Tu} d3p . (2.112)

x

This is the central result of this chapter, and it will play a crucial role in the discussion of
factorization in heavy ion collisions. Some remarks should be made about this formula:

i. In this formula, the LO inclusive spectrum that appears in the right hand side must be
considered as a functional of the classical field on the surface X,

ii. The LO and NLO spectra cannot be obtained in closed analytical form, because they
contain the classical field ¢ — retarded solution of a non-linear partial differential equa-
tion that cannot be solved analytically in general,

iii. In practical applications such as heavy ion collisions, the dynamics of ¢ is simple
below the forward light-cone (i.e. at any point in space-time before the collision), and
complicated above the light-cone,

iv. Therefore, one can chose the surface X in such a way that the small field fluctuations
ak and {3 are calculable analytically on Z,

v. By doing this, the non-perturbative non-linear dynamics appears only in the factor
[dNy/d3pl,,, while the operator in the square bracket can be calculated analytically,

vi. One can already foresee structural similarities between the operator between the square
brackets and the IMWLK Hamiltonian, that both contain terms with one and two
functional derivatives. In the second part of this manuscript, our goal will be to show
that in the collision of two nuclei, the logarithms of energy arise from this operator,
with coefficients that are precisely the JIMWLK Hamiltonians of the projectiles.

2.6.4 Higher inclusive moments

Let us now turn to higher inclusive moments. Our goal is to prove that eq. (2.112) is also valid
in this more general case. The starting point is the general formula (2.85) for the n-particle
inclusive spectrum. This formula is valid to all orders. At leading order, the n-particle
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spectrum is simply given by eq. (2.86) as the product of n 1-particle spectra. At next-to-
leading order, eq. (2.85) leads to:

dN, B dN; dN;
Bpy - dpn |, ; Epily, ]1;[ d3py|
§2InT aN;,
+> [} 11 = (2.113)
i<j 8z(p.)8z(p;) z(p)=1 k#i,j APl

Therefore, the only new quantity that we need to evaluate is the second derivative of
InF[z(p)]. It is sufficient to evaluate it at leading order (9(g~2)), i.e. at tree level. From
eq. (2.76), we get

S2InFlz(p)| 1 5F7 (o0, p) ()
52(p)oz(q) |, oo | s - oP)
51&*)
+£7 (00, p) —Siz’:)c”m} . (2.114)

From eq. (2.75), it is obvious that the derivatives with respect to z(q) of the Fourier coeffi-
cients ff) are the Fourier coefficients of

big(x) = (2.115)

By differentiating the equation of motion of @ (x) with respect to z(q), we find the equation
of motion of b 4(x),

[Dx F U (@4(x)| brg(x) =0, (2.116)

and we see that b q(x) is a small field fluctuation propagating on top of the classical field
@-+. In order to fully determine b.q(x), we also need to know its boundary conditions.
These can be obtained by differentiating the boundary conditions of @ (x) with respect to
z(q). If we denote bg]) (x°, p) the Fourier coefficients of b q(x), we have the following
boundary conditions:

b (—00,p) = b (~00,p) =0,
bl (+00,p) = z(p) b (+00,p) +8(p — q) f ' (+o0,p)
b (+o0,p) = z(p) b1 (+00,p) +8(p — @) " (00, p) . (2.117)

Although the equation of motion (2.116) has no source term, the non homogeneous terms in
the boundary conditions ensure that the small fluctuations b 4 (x) are non-zero.

At this point, since we are not going to take further derivatives, it is safe to set z(p) = 1.
This simplifies things a bit since ¢ = @_ when z(p) = 1. Therefore, we need not distin-

guish between f&ri) and f(_i), and we can simplify the notation for these Fourier coefficients
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into f(=) (which are the Fourier coefficients of the classical field ¢ with null retarded bound-
ary conditions). After this simplification, the boundary conditions for the small fluctuations
become

b\ (—o0,p) = b (~00,p) =0,
bl (+o0,p) = b (+o0,p)+3(p—q) ) (+00,p)
b (+oo,p) = b (oo, p) +8(p — q) FH) (+00,p) - (2.118)

The difficulty with these boundary conditions is that they are neither retarded nor advanced.
However, since the equation of motion for the fluctuations b q(x) is linear, we can write
b.q(x) as a superposition of solutions of the same equation, but with retarded boundary
conditions. A basis of such solutions has been introduced already in eq. (2.97). From the

boundary conditions at x% = —o0, we can write
d3k k *
b+q(X) = Jm f)+q ak(x)
Ak,
b,q(x) = Jm qu ak(x) . (2119)

(Indeed, the first of eqgs. (2.118) tells us that b 4(x) has no positive energy component and
b_4(x) no negative energy component when x® — —oo, while ay(x) is a positive energy
plane wave in this limit.) In order to use this representation in order to solve the eqs. (2.118),
we need to decompose the fluctuation ay (x) in Fourier modes:
a3 —ip. - ip-
ax(x) = ‘[ﬁ {a](fj(xo,p) e Px 4+ a§< )(xo,p) et'p "] . (2.120)

Then, one ca rewrite the second and third boundary conditions in egs. (2.118) as

3
J(zi)ir& B ol () =B ol )| = sp-a)r(p),
Kk

Jm [BYqai " (p) = B g ol ()] s(p—q)f(p), 2.121)

where we have not written the time argument in the Fourier coefficients since it is x°

everywhere. Since f(=)(p) = [f()(p)]*, we see that the solution obeys

BE, = [(z”'iqr , (2.122)

which implies that b_q(x) = [byq(x)]*. Egs. (2.121) thus reduce to a single equation.
Moreover, one can see it as a system of linear equations for the coefficients Bﬁq. It turns
out that this linear system can be solved in closed form?®, in terms of the Fourier coeffi-
cients al(ci) (p), thanks to the equation (C.14) derived in appendix C. One can check that the

following formulas solve egs. (2.121),

= +o00

1 -
By = m[%& ](q)f(“(q)+a1(<+)(q)f(*)(q)},
1 w(— . _
B = Giglah @@+ @ @i )] (2.123)

26Even though the Fourier coefficients a]((i) (p) are not known analytically, the fact that small field fluctuations
evolve unitarily is sufficient to invert the system of eqs. (2.121).
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These formulas completely determine the coefficients in the decompositions (2.119) in terms
of the Fourier coefficients of the retarded classical field ¢, and of the retarded small field
fluctuations ay, ay.

Inserting this result back into the formula for 52 In F[z] /8z(p)dz(q), we can write it as:

52 InF[z] 1 1 a3k
52(p)sz(q)| o 2(2m)%pq J (2r0)32k
x { (e Pla (@) + ol Play (@) 1 (p)F ) (@)
(P pral (@) + ol e (@) £ ) ()
(@ p)al (@) + oy (p)ay (@) O (p)F(q)
(ot play (@) + ol (p)ay () f(—)(p)f(“(q)}

2
— o8P — @) [ ()] (2.124)

Thus, we have managed to express this quantity entirely in terms of the Fourier coefficients
of the retarded classical field and of retarded small field fluctuations. This will play a crucial
role later in the proof of factorization for the multigluon inclusive spectra. Moreover, this
formula is explicitly symmetric under the exchange of the momenta p and ¢, as expected
for a second derivative. Note also the last term, equal to &(p — q) times the single inclusive
gluon spectrum. It arises because we have chosen to define the 2-gluon spectrum so that its
integral over p and ¢ gives the average value of N(N — 1) instead of N2 — this term leads to
the —N in this integral.

A final step in obtaining a useful expression for the NLO correction to the multiparticle
inclusive spectrum is to rewrite everything in terms of the operators T, introduced for the
NLO corrections to the single inclusive spectrum. Let us recall eq. (2.98), from which we
deduce the following relations for the Fourier coefficients at x° = 400,

' (p) = J @Sy [ax - Ty <) (p),
b
a;“p) = JdSSu [af-Tu] F<(p) . (2.125)
b
Inserting these identities into eq. (2.124), we see that we can write it in a very compact fashion

52 1In F[z]
6z(p)dz(q)

7{ } dN;
LO] o 2 connected d3p

z=

dN;
LO d3 q

dN;
(p—9q) 5= , (2.126)
p q d3p o

LO

where the operator 7T is the quadratic part of the operator that appears in eq. (2.112),

1 &k .
7= 3 | ) €S0 €Sy [k T fa @.127)
z
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and where the subscript connected indicates that the two factors T, ,, cannot act on the same
factor dN1/d3p or dN7/d3q. More explicitly,

[TuT ] AB = [T, A][T\B] + [T,A][T,B] . (2.128)

connected

Now, it is trivial to insert this result —as well as eq. (2.112)—into eq. (2.113), in order to obtain
the following formula for the n-particle inclusive spectrum at NLO,

dNy,
a3p, - d3p,,

3
_ [1JMJd3Su d3Sv [ai -Tu] [ak . Tv}

2 ) (2m)32k
1—[ dN;
a*p;

b
+Jd33u BTy

5 i
I dN;

3
ity $Px

LO

dN
=D 8PPy o (2.129)
i<j Pi

LO

This is the generalization of eq. (2.112) to the case of the n-particle spectrum. We see that,
except for the last term whose origin is due to our choice of normalizing the n-particle spec-
trum so that its integral is the average of N(N — 1) --- (N —n + 1), the NLO contribution
is obtained by acting on the LO result with the same operator as in the case of the single
particle spectrum. This goes a long way in the direction of proving factorization for all the
inclusive multiparticle spectra. Thanks to this formula, the proof of factorization that we shall
develop for the single particle spectrum can be generalized without further effort to the case
of multiparticle spectra.

To close this chapter, it is important to stress again the importance of considering inclusive
observables in order to obtain relations such as (2.112) and (2.129). Indeed, these formulas
explicitly factorize the NLO corrections into an object that depends on space-time points
below the surface X and an object that depend on points above X. This was made possible
because all the expressions we had to manipulate could be expressed in terms of fields and
field fluctuations that obeyed retarded boundary conditions. In turn, this is true only for
quantities that are defined in an inclusive manner.
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Part 11

Initial State Factorization
in Heavy Ion Collisions

47






Introduction

n the first part of this manuscript, we have derived the necessary tools and results
in order to study particle production in a quantum field theory coupled to strong
external sources. All the derivations have been done in the simpler case of a
scalar field theory, but their generalization to a gauge theory is straightforward.
In this second part, we apply these results to heavy ion collisions described by
the Color Glass Condensate effective theory.

In chapter 3, we show that NLO corrections to observables contain logarithms of the
cutoff that separates the sources from the fields in the color glass condensate framework.
However, it turns out that these logarithms are universal properties of the incoming nuclei,
that can be factorized into the probability distribution of sources for each projectile. We dis-
cuss thoroughly this factorization in the case of the inclusive gluon spectrum in heavy ion
collisions. We also show how this result can be extended to the calculation of the expectation
value of the energy-momentum tensor, which is a more interesting quantity in practical ap-
plications, since it is the initial condition for the subsequent hydrodynamical evolution of the
system. Then we extend the proof of factorization to correlations between multiple gluons,
or between the values of the energy momentum tensor at different spatial points.

Then, we discuss in chapter 4 some applications of these results to the phenomenology
of heavy ion collisions at high energy, and compare these predictions to experimental results
from the Relativistic Heavy Ion Collider (RHIC). In particular, we show that the color glass
condensate description of heavy ion collisions may explain rather naturally some striking
correlations that have been observed at RHIC.
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Chapter 3

Inclusive gluon spectra at
Leading Log accuracy

his chapter is devoted to the calculation of the single inclusive gluon spectrum
produced in the collision of two high energy nuclei. We will start with its eval-
uation at leading order, in order to prove that it can be obtained from retarded
classical solutions of the Yang-Mills equations. Then, we resum the leading
logarithmic corrections that arise in higher orders, and show that they can all
be factorized into distributions that describe the gluon content of the incoming projectiles.
Moreover, we recover for these distributions the JIMWLK renormalization group equation,
originally derived in the context of deep inelastic scattering. This result is therefore a first
hint of the universality of the distributions that appear in the calculation of this quantity.

Strictly speaking, the gluon spectrum is not a good observable. Indeed, the number of
produced gluons is not stable against soft and collinear splittings, and therefore cannot be
defined properly. In the study of hadronic collisions, this issue is related to hadronization and
is solved by introducing fragmentation functions, that describe how partons become hadrons
and resum the logarithms associated with this process. However, it is not clear whether a
similar treatment can be generalized to obtain single hadron spectra in heavy ion collisions,
due to the very dense environment in which the produced gluons evolve.

A better point of view in heavy ions collisions is to consider the Color Glass Condensate
calculation as an initial condition for the subsequent evolution, usually treated via hydro-
dynamical equations. With this in mind, a much better quantity to calculate is the spatial
distribution of the energy-momentum tensor, at some fixed initial time. Moreover, since this
quantity measures the distribution of energy and momentum in the system, it is insensitive
to soft and collinear emissions, and therefore can be calculated unambiguously in QCD. As
we shall see later in the chapter, the calculation of the energy-momentum tensor and its fac-
torization can be achieved by the same techniques, previously developed for the single gluon
spectrum.
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3.1 Gluon spectrum at Leading Order

3.1.1 Generalities

The single inclusive gluon spectrum is defined in the same way as for scalar fields. One can
first define a generating functional F[z] by

v 1 [ @&p *p, 2

Flz —nZ:O n'J(Zn)32p1 T (271)32pn Z(p] ) o 'Z(pn) ‘<p1 e pnout|om>| , (3.1
where z(p) is some arbitrary function over the 1-gluon phase space. The only difference
with the scalar case here is that the produced gluons carry polarizations A; and colors a;.
The squared transition amplitude that appears in the right hand side of this formula must be
summed over the polarizations and colors of the produced gluons. Note that only the two
physical (transverse) polarizations must be included in this sum. This implies the following
change in the operator Cp, defined in eq. (2.62). It now reads'
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A,a

In this definition, € (p) is the polarization vector for a gluon of momentum p and polariza-
tion A. Note also that the currents 1+ must now carry both a Lorentz and a color index in
order to be coupled to the gauge fields.

Assuming that the above generating functional is known, the single inclusive gluon spec-
trum is obtained from the first derivative of F[z] evaluated at z = 1:

dN] 59[2]

’p  oz(p)

(3.3)

z(p)=1

Then, all the steps of the derivation in the scalar case can be reproduced in the case of gauge
fields. At leading order, i.e. O(g—2), one finds that the inclusive gluon spectrum can be
expressed as

dN;
d3p

1 i (x— v
= > J d*xdty PV 0,0, eX (p)ex* (p) Apa(X)Avaly) , B4
A,a

(27)32p

Lo
where the color field A, (x) obeys the classical Yang-Mills equations,

Dy, T =]V, (3.5)
where F*V is the field strength,

FH =0HAY — VA +ig [AM AY] (3.6)
and with a null retarded boundary condition

lim A"(x)=0, Olim 00 AM(x) =0. (3.7

x0——o0 x0——o0

I'Since we sum over the polarizations of the produced gluons, the generating functional defined here is not suitable
for the calculation of polarized observables.
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Although eq. (3.4) apparently involves an integration of the gauge field over the entire
space-time, it is easy to show that one needs in fact only its asymptotic behavior at x° — +oo0.
In order to see this, note first the identity

Jd3x e O, A, (x) =02 J d®x P (32 —ip) Au(x) . (3.8)

In other words, the integrand for the dx° integral in eq. (3.4) is a total time derivative. There-
fore, the integral depends only on the behavior of the gauge field at infinite time. Moreover,
given the boundary condition (3.7) obeyed by the gauge field, the boundary at x° = —oo
does not contribute, and one is left with a formula that involves only x°,y° = +oo:

dN;

d3p

to+oo (271)32p

LO

= lim LZJ’d3xd3y e tP(x-y) (00 —ip)(ag +ip)
A,a

xex(plex™(p) Aualt,x)Avalt,y) . (3.9)

3.1.2 Covariant current conservation

In non abelian gauge theories, where the gauge fields themselves carry a charge, there is an
additional constraint that must be obeyed by the external current JV:

(D, JH =0, (3.10)

This is the generalization to QCD of the usual current conservation law. It is usually named
covariant current conservation, since it involves a covariant derivative instead of an ordinary
derivative. The physical meaning of this difference is that the color flux encoded in the current
J¥ can have its color altered by a gauge field. Eq. (3.10) quantifies the color precession of
the current due to the background gauge field. Therefore, the Yang-Mills equations and the
covariant current conservation constraint must be solved simultaneously, with the external
current ]V specified only in the remote past, where the gauge field vanishes thanks to the
boundary condition (3.7).

There are some gauges in which the constraint due to covariant current conservation be-
comes trivial. Consider for instance the color current |V created by a projectile moving at
the speed of light in the +z direction. Its only non zero component is J. Therefore, in the
light-cone gauge A~ = 0, eq. (3.10) simply becomes

o J* =0, (3.11)

i.e. the ordinary current conservation. The covariant current conservation constraint thus
decouples from the Yang-Mills equations, and can be solved once for all. In the case of the
collision of two fast projectiles, moving respectively in the +z and —z directions, the current
has the following form before the collision:

JHO) = 8" o1 (x 7, xu) + 8 T pa(x Xy ) (3.12)

p7 is taken independent of x* and p, independent of x~ so that the projectiles are invariant
along their trajectory (in other words, if they did not collide, nothing would happen at all).
The x dependence of these sources reflect both the transverse size of the colliding nuclei
and the impact parameter of the collision. In contrast, we keep an x~ dependence for p;
and an x" dependence for p,. However, due to the Lorentz contraction factor that applies to
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these fast moving color charges, these color charge densities are non zero only if x~ ~ 0 or
x* = 0 respectively:

p1(x7,x1) ~8(x7) p2(xFyx) ~8(xT) . (3.13)

Note also that this form of the current satisfies the abelian current conservation law 9, J#* = 0.
The peculiarity of eq. (3.12) is that it has a + component whose support is restricted to the
x~ = 0 hyperplane, and a — component whose support is the x* = 0 hyperplane. Therefore,
the gauge condition [103, 104]

xTA”+x AT =0, (3.14)

known as the Fock-Schwinger gauge, renders the covariant current conservation law equiv-
alent to the abelian one. Indeed, a gauge field that satisfies eq. (3.14) has A~ = 0 on the
x~ = 0 hyperplane and A" = 0 on the x™ = 0 hyperplane. This is the reason why the
Fock-Schwinger gauge is often used in the study of high energy hadronic collisions in the
CGC framework.

3.1.3 Initial conditions on the forward light-cone

Given the sources p17> that describe the configuration of color charges in the two colliding
projectiles, eqgs. (3.5), (3.7) and (3.4) completely determine the corresponding inclusive 1-
gluon spectrum at leading order. The main difficulty resides in the fact that one cannot solve
analytically the Yang-Mills equations 2.

Therefore, one has to use numerical methods [20-26] in order to obtain this solution.
This is straightforward, since the boundary conditions that specify the classical solution of
interest are retarded boundary conditions. However, one cannot start the numerical resolution
at x° = —oo, because the sources p; ,2 contain 8(x*) singularities that cannot be handled by
a computer. Since these singularities lie on the light-cones x* = 0, it is preferable to start
the numerical resolution on a surface T = const just above the two light-cones, in order to
completely avoid the singularities in the numerical algorithm.

Fortunately, it turns out that it is possible to find an analytical solution to the Yang-Mills
equations with these boundary conditions and external sources, on the surface T = 0" [104]
(The + superscript indicates that this surface is above the light-cones, at some infinitesimal
positive proper time). Then, the numerical solution is started from this analytical solution on
the light-cone.

In order to obtain this initial condition, it is useful to divide the space-time into four dis-
tinct regions, as illustrated in the figure 3.1. The two diagonal lines represent the trajectories
of the two nuclei. Therefore, any point located below these two lines (region 0) is a point
where none of the projectiles has passed yet. Since the initial condition for the gauge field in
the remote past is A* = 0, the value of A" remains zero throughout the entire region 0.

Finding the solution in the domains 1 and 2 is also rather easy, thanks to causality. In
these regions, one of the projectiles has passed, but the second projectile has not yet arrived.

2Several analytical approximations have been developed. An expansion in the sources p1 .2 has been developed
in [105], where the radiated field was evaluated at the lowest order. [106] assumes the cancellation of a certain set of
graphs in light-cone gauge in order to obtain a closed result. However, this cancellation is only established if one of
the two sources is weak. In [107], the solution of the classical Yang-Mills equations was organized as an expansion
in commutators of Wilson lines, while in [108] the solution was expanded in powers of the proper time T. More
recently, in [109], it was argued that one can chose the gauge in a way that minimizes the final state interactions and
thus where the solution at T = 07 is already a good approximation of the late time solution.
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Figure 3.1: Division of space-time in four regions for the solution of Yang-Mills equations.

t

Therefore, one only needs to solve the Yang-Mills equations with a single source. Let us do
this explicitly for the region 1. The relevant Yang-Mills equation is

(D, FHV] =8V18(x )pr(x1) . (3.15)

(The subscript 1 indicates that this is the solution of Yang-Mills equations in the presence of
the source p; only.) In order to solve this equation, it is useful to go temporarily to the Lorenz
gauge, where the gauge field obeys the condition

A AV =0. (3.16)

(A tilde distinguishes quantities expressed in the Lorenz gauge.) When this condition is
satisfied, one can rewrite the Yang-Mills equations as

DAY = 8¥p1(x "y x 1) 4 iglAy,, T + 0%A7] . 3.17)

Written in this form, it is clear that one can solve this equation iteratively in successive powers
of the source p;. Indeed, the gauge field J—Tﬁl and field strength F r Vv are both at least of order
one in pq. Therefore, the commutator that appears in the right hand side is of order two and
can be dropped in the first iteration. One gets

1)y N R
ANV (x) = =¥ —p1(x,x1) (3.18)
vi

where the superscript (1) indicates that this is the first order in an expansion in powers of the
source p1. The object 5V is defined by

Nt =1 if v=+,

Mt =0 if v=—1i. (3.19)
It is important to note that this field has no — component, and therefore has no effect on the
covariant conservation constraint. Therefore, the current §¥*p7(x ™, % ) is not modified by
the radiated field at this order. One can then proceed to calculate the second order contribution

to the gauge field. But it is easy to see that the only possible source for such terms —the
commutator in the right hand side of eq. (3.17)— vanishes. Therefore,

AP =o0. (3.20)
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By induction, one sees that in fact all the contributions of higher order in p; to fl}’(x) are
zero. Therefore, the full solution of eq. (3.17) reads

- 1 B _
fh”(X):—é”V—im(x yX1) . (3.21)

We must now find the gauge rotation that transforms this solution into the Fock-Schwinger
gauge solution. Let us write

Af = QlARO, + éﬂﬁaum , (3.22)

where Q)7 is an element of SU(3). A trivial way to satisfy the Fock-Schwinger gauge condi-
tion is to have both A} = A = 0. It is possible to have A; = 0 simply by taking an 4
that does not depend on x*. In order to have also A7 = 0, the matrix O; must obey

3t Qy =igA; Q1 (3.23)

which can be solved by?

X
Qi(x,x ) =T_ expigJ dz= Af(z7,x1) . (3.24)

(In this equation T_ denotes an ordering of the exponential in the x™ direction, such that the

fields with the largest x~ always appear on the left of the expression.) Therefore, we now
know all the components of the gauge field A! in the Fock-Schwinger gauge, in the region
1[110]:

A = 0,
AL = énﬁaim. (3.25)

This solution of Yang-Mills equations is a pure gauge in the transverse plane, since it obeys
g9 =0. (3.26)

In fact, the gauge field is also obviously a pure gauge in region 0 —albeit a different one—, and
the field strength is non zero at the discontinuity between these two pure gauges, i.e. on the
surface x~ = 0.

Note also that this formula determines A} explicitly in terms of the color source p; in
the Lorenz gauge. Only implicit relations between A} and the color source p; in the Fock-
Schwinger gauge can be obtained. This is not an important limitation in practice.

It is trivial to mimic this derivation for the region 2, where the only relevant source is p;.
One finds that for this region, the gauge field in the Fock-Schwinger gauge is given by:

Ay = 0,

Al éggainz , (3.27)

3This solution is not unique. A more general solution is Qf (x7,x1) = Q1(x7,x1)O(x_1 ), which leads to the
following gauge fields:

At =0, At=ef0l(ei0)e+ —efdie.
g

This residual arbitrariness is due to the fact that the Fock-Schwinger gauge condition imposed on the gauge field
does not determine it uniquely. We use the choice ©® = 1.
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with

+

X
T, expigJ dzt A5 (z7,x1)

o

N

kS
|

1
Aj(x) = —5V7?ﬁ2(x+,x¢)- (3.28)
L

The final step is to find the gauge field in region 3, at least on the surface T = 0%, so that
one can solve the Yang-Mills equations numerically at later times. Let us make the following
ansatz for the solution above the forward light-cone:

Ai (X) = ‘Aé (T)XJ_) ) At (X) = X+Y(T)XL) ) A~ (X) = _Xi‘Y(T) XJ_) . (3.29)

This ansatz automatically obeys x* A~ + x~ A"t = 0, and y(x) is an unknown function
that we must determine from the Yang-Mills equation. Moreover, we have used the boost
invariance of the problem in the longitudinal direction, which implies that the function y(x)
cannot depend on the rapidity 1 = In(x*/x~)/2 (the prefactors x* in A* ensure that A"
transforms like a 4-vector under longitudinal boosts). Similarly, the transverse components
A of the gauge field cannot depend on 1. Therefore, the gauge field takes the following form
over the entire space-time,

AT(x) = exM)e(x xTy(t,x1),
AT(x) = —B(x")e(x )x~ vinxi),
At(x) 0(—x")0(—x")Aj(x) + 0(xT)0(—x")A3(X)
+0(x")0(x )A;(T,M). (3.30)

Consider now the equation [Du» F “i] = 0. The left hand side of this equation can poten-
tially contain a singularity 6(x")8(x ™), while the right hand side is zero. This singularity
disappears provided that we have

AL(t=0",x1) = AT (x) + AL (x) . (3.31)

This is the initial condition for A% in the forward light-cone. Similarly, by matching the
8(x*) singularities in the left and right hand sides of the equation [D, F**] = J*, one
obtains the following conditions for the initial value of the function y:

Yir=0"%1) = F iR, Ab0)]
0.y(t=0",x1) = 0. (3.32)

Note that in eqs. (3.31) and (3.32), the fields A’% 5 (x) depend only on the transverse coordi-
nate X | . Indeed, since the sources p; and p; are i)roportional to delta functions in x~ and x*
respectively, the fields A} and A} are proportional to theta functions 0(x~) and 8(x") re-
spectively. Therefore, when evaluated just above the forward light-cone, these theta functions
are equal to one, and the fields depend only on x| .
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Figure 3.2: Single gluon spectrum at Leading Order (the MV model is assumed for the distribu-
tion of color sources p1,2). From [25].
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3.1.4 Phenomenological implications

The equations (3.31) and (3.32) completely determine the evolution of the gauge field in the
Fock-Schwinger gauge at T > 0. However, no analytic solution is known at the moment, and
this evolution has to be computed numerically.

In numerical evaluations of the gluon yield, one does a Monte-Carlo sampling of the
distributions* of color sources p1 ,2 (or equivalently distributions for the Wilson lines 1 7).
Then, for each configuration pq > of the sources, one evaluates the fields Al and vatt=0",
thanks to egs. (3.31) and (3.32). The next (and most time consuming) step is to solve the
Yang-Mills equations numerically in the forward light-cone, until one reaches a time of the
order of a few times Q;1 . The final step is to perform the Fourier decomposition of the gauge
field at this late time, in order to obtain the gluon spectrum with eq. (3.9).

Such computations have been performed in [20-26, 111-113], in which various quantities
relevant to heavy ion collisions have been calculated, such as the gluon multiplicity discussed
above or the transverse energy released in the collision (see also [93] for a review). In these
calculations, these two quantities are usually parameterized as

dN _ ¢ (g%1)?S.
dn g
dperp (9%u)*S.
T~ e (3.33)

where f, ~ 0.25 and f, =~ 0.3 are non-perturbative numerical prefactors determined numer-
ically, S, is the transverse area of the interacting region, and . a parameter of the MV model
that characterizes the density of color charges. p is related to the saturation momentum Qg,
and the precise relationship between the two can be obtained by a computation of Wilson line
correlators in the MV model [114]:

Q% ~0.57g%u. (3.34)

4A popular choice is to use the color source distribution of the McLerran-Venugopalan model [70-72]. It is
expected to provide a good description of a large nucleus at moderately small values of x ~ 1072,

58



The best numerical estimates of the saturation momentum for average central collisions of
Gold nuclei at RHIC energy is Qs ~ 1.2 GeV, which corresponds to an MV parameter
g?u ~ 2.1 GeV. Using this value in eq. (3.33), one gets the estimate

N
N 1100 (3.35)
dn

for the number of gluons released per unit rapidity in these collisions. This number is in good
agreement with the measured total hadronic multiplicity.

3.2 Leading logarithms in the single gluon spectrum

3.2.1 Introduction

Although it leads to a reasonable phenomenology, the calculation of the gluon spectrum at
leading order has some important shortcomings. Its main limitation is that it gives a spectrum
which is rapidity independent. A non trivial rapidity dependence arises only from higher
order corrections. As we shall see in this section, there is a special subset of these higher order
corrections —called the leading logarithmic corrections— that can be resummed simply by
letting the distributions for the sources p1 > evolve with rapidity according to the JIMWLK?
equation.

In other words, all these logarithms of the collision energy can be assigned to one of the
projectiles, and can be hidden into a redefinition of the distributions W/[p; ,]. This renormal-
ization of the distributions W/ps ,] turns them into rapidity dependent objects. Moreover,
it will become apparent in the next sections that these logarithms are in fact universal: the
same evolved distributions also resum the leading logarithms that arise in other observables,
such as the expectation value of the energy-momentum tensor, or the inclusive multi-gluon
correlations.

After presenting a general argument based on causality that explains qualitatively why
these logarithms are universal and can be factorized, we reproduce in the case of a gauge
theory the calculation of the NLO corrections to the inclusive single gluon spectrum. The
next step will be to extract the large logarithms contained in these corrections, and to show
that they can be expressed in a very compact way in terms of the JIMWLK Hamiltonian.
Finally, one uses the hermiticity of this Hamiltonian in order to show that its action can be
shifted onto the distributions W/(p1 ).

3.2.2 Causality argument

Before going into the technical details of the factorization of the leading energy logarithms,
let us describe a qualitative argument that explains the relationship between factorization and
causality, illustrated in the figure 3.3.

i. First, the duration of a collision between two projectiles at the energy E decreases with
the collision energy as E~'. Indeed, this is the energy scaling of the time it takes for
the two projectiles to go through one another.

5Jalilian-Marian, Iancu, McLerran, Weigert, Leonidov and Kovner.
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Figure 3.3: Causal aspects of a high energy collision.
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ii. Next, one should note that the logarithms of the collision energy that we want to re-
sum are due to radiation in the initial state: one gets such a logarithm if an incoming
parton radiates a secondary parton that has a much lower longitudinal momentum (the
logarithm comes from the integration over the longitudinal momentum of the radiated
parton).

iii. The final point in the argument is that the two projectiles are not in causal contact be-
fore they actually collide. Therefore, anything that happens inside one of the projectiles
before the collision must be independent of the second projectile, and also of the ob-
servable that is going to be measured after the collision. Therefore, all the logarithms
that occur in the evolution of the projectiles before the collision must be universal, and
factorizable into the distributions that describe the incoming projectiles.

Although this argument is very qualitative and hides all the technical intricacies of gauge
theories, it is based on very robust principles such as causality that are valid in any sensible
quantum field theory. It therefore suggests that the factorization of the initial state logarithms
is a very general property of high energy collisions, regardless of the details of the theory
under consideration.

Although it is very general, note however that this argument does not tell us the precise
nature of the distributions into which one can factorize these logarithms. It only tells us that,
for a given type of logarithms, these distributions must be universal. But the amount of detail
with which one must describe the projectiles may depend on the nature of the observable one
wishes to calculate. In particular, one expects that exclusive observables need much more
detailed information about the incoming projectiles than inclusive observables. In practice,
this may mean that one needs more general distributions® in order to calculate exclusive
observables’. Nevertheless, one should expect from this causality argument that the leading
logarithms coming from initial state radiation in exclusive observables can also be factorized

0The distributions W[pL >] that enter into the calculation of the inclusive gluon spectrum and other inclusive
quantities can be interpreted as probability distributions, i.e. as the diagonal elements of the density matrices that
describe the projectiles. It is reasonable to expect that more complicated observables require to know the non
diagonal elements of these density matrices as well (see [115] for a work that hints at this possibility).

70f course, one could also calculate inclusive observables with these more general distributions. Any information
they contain that is not necessary in order to calculate an inclusive observable could easily be integrated out (since
the observable under study does not depend on it), reducing these distributions to simpler distributions that contain
only the amount of details necessary to compute these inclusive observables.
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into these more general distributions — although a complete theory of exclusive processes is
still missing in the Color Glass Condensate framework.

3.2.3 NLO corrections to the gluon spectrum

Let us now turn to a rigorous proof of the factorizability of the leading logarithms of the
collision energy, in the case of the single inclusive gluon spectrum. The starting point is the
gluon spectrum at leading order, whose calculation has been detailed in the first section of
this chapter.

Before studying the Next to Leading Order corrections, it is important to remember that
there are cutoffs A% that separate the fast and the slow partons: the gluon modes k™ >
AT are described by the sources p1, those with k— > A~ by the sources p;, and the rest
is contained in the gauge field A*. Although these cutoffs do not show up explicitly at
leading order, they become crucial at NLO. Indeed, one should use these cutoffs in loop
integrations, in order to avoid double counting of the modes already included in the sources
p1,2. In practice, we shall integrate out the field modes in a small layer just below the cutoff,
A% < k* < A%, and in the next subsection we will show that the corresponding logarithmic
contribution can be absorbed into a redefinition of the distributions of the sources.

The calculation of the NLO corrections to the gluon spectrum is very similar to what we
have presented in the section 2.6 for scalar fields. In particular, the final result in eq. (2.112)
is formally identical in the case of gluon production, provided the definition of the operator
T, is slightly modified. Therefore, we are not going to reproduce here all the derivation, but
we limit ourselves to a discussion of the differences.

First of all, eq. (2.88) should be generalized to the case of gluons into

1

dN ip-(x— v
.= mZJd“Xd“ye“ v 0.0y eX(p)ex*(p)
A,a

d3p

NLO

x[Ara0)Bray) + Bua (X Avaly) + Glavaloy)] . (3.36)

Ba(x) is a 1-loop correction to the classical field A, o (x). Here, we have used the experience
gained in the section 2.6 in order to anticipate the fact that we need not distinguish the + and
— Schwinger-Keldysh indices attached to the end-point for this quantity. Sﬁg\,a(x, y) is the
+— component of the Schwinger-Keldysh propagator at tree level, in which the color indices
at the end-points are identical. Note that the objects .o and G, must be determined in
the same gauge as the one used to compute the gluon spectrum at leading order, i.e. in the

Fock-Schwinger gauge.

The next step is to express these quantities in terms of a basis of small fluctuations that
propagate over the classical field A,,. In order to do this, it is convenient to chose small
fluctuations that obey simple retarded boundary conditions:

92U(A)
Oyghy —okoy — —— 2 |q = 0,
[Og™ -3t} aAH(x)aﬂv(x)}aik)‘“(x) 0
Olim alaa(x) = ex(k)T¢ etikx (3.37)

In words, the aY,, ,(x) are small field fluctuations that have a definite momentum k, color
a and polarization A in the remote past. Each of them can have a positive or negative energy
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when x° — —o0. In the equation of motion for these fluctuations, U(A) is the interaction
potential of the Yang-Mills theory — it contains all the terms of the potential that have a degree
of three or higher in the gauge field (note that the color indices have not been written in this
equation of motion — only the color label of the initial condition has been written explicitly).

Then, it is possible to mimic the definition of the operator T4, in order to write, for any
small fluctuation a*(x),

at%(x) = J a*Sy [a- Ty] A*(x) . (3.38)

bx
In this identity, £ is some locally space-like surface in R* and T, is defined as the generator
for shifts of the initial conditions on the surface £. More precisely, if B*[A] is the boundary

term in the Green’s formula that expresses the classical field A" (x) in terms of its initial
condition on the surface X, then

BH[a] = J d*Sy [a-Ty] BHA]. (3.39)
z

This definition is identical to the case of a scalar field theory. However, the details are a bit
more involved. First, in a gauge theory, it is crucial that the classical field A" and the small
fluctuation a* be expressed in the same gauge. Moreover, the precise form of the operator
T, should be derived from the boundary term in the Green’s formula, that depends on the
gauge condition and on the surface X. This study is carried out in detail in the case of the
light-cone gauge A" = 0 in the appendix D.

At this point, it is immediate to reproduce the derivation of eqgs. (2.101) and (2.111), in
order to obtain

Qﬁava x,y) = 7 ZJ' Ir)32K Jd3Su d3s,
x{ “a,k;\b Ty flua(X)} “Chrk)\b - T, ] ‘Ava(y)}

+[[a+k?\b - T, ] Aua(x)} [[Gkab -] -Ava(y)}} {3.40)

and

2m)32k

1 d3k
Bualx) = l J Jd3 Sud®Sy [aiab - Tu [atran - Ty ]
Ab 3

+Jd3Su B-T.]

>

Apalx) . (3.41)

From these two identities, one obtains for the gluon spectrum at NLO a formula which is
formally identical to eq. (2.112),

dN; 1 Bk
ﬁ NLO - [2 )\Z J m J dssu d3Sv [a,k)\a . ’]I‘u} I:a+k7\a . TV]
»a 5
dN
+Jd33u (B Ty dT';; . (3.42)
P
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All the differences that exist between scalar field theory and Yang-Mills theory are hidden in
the shift operator Ty, and in the form of the fluctuations a¥,, , and 3" on the initial surface
Y. To a large extent, this formula relies only on the fact that the inclusive gluon spectrum
is expressible in terms of fields and field fluctuations with retarded boundary conditions,
and on the causal structure of these retarded objects. For this reason, it is also valid in any
gauge. In particular, although we have emphasized the Fock-Schwinger gauge in the previous
section —because it is the gauge employed in numerical solutions of the Yang-Mills equations
inside the forward light-cone—, eq. (3.42) is not restricted to this particular gauge (in fact, no
explicit mention of the gauge choice needs to be made in its derivation). The detailed form
of the operator T,, as well as the fluctuations a', , , and 3", depend on the gauge condition
— but all these details are transparent at the level of eq. (3.42). Naturally, for this formula
to make sense, the quantity dN;/ d3p|LO in the right hand side must be a functional of the
gauge fields on X in the same gauge.

3.2.4 Choice of the gauge and initial surface

Two loop integrations are contained in eq. (3.42). One appears explicitly in the term that
contains two operators T, ,,. The second momentum integral is hidden in the value of the
fluctuation 3" on the surface £. As we shall see now, these integrals are logarithmically
divergent, when either k™ or k™~ go to infinity. Fortunately, since we are working in the CGC
effective theory, we should not integrate over field modes that have an arbitrarily high longi-
tudinal momentum, because these modes are already included in the sources p1 >. Therefore,
the above mentioned integrals are finite, but display an unphysical logarithmic sensitivity to
the cutoff scales A*. Our task in this subsection is to calculate these logarithms, and to show
that they can be resummed via a renormalization of the distributions W/p; ,z] for the hard
sources.

In order to calculate these logarithms explicitly, we need expressions for the fluctuations
al,, and B* on the surface I. This is where the choice of X becomes important. Let us
recall that eq. (3.42) is valid for any locally space-like surface . Thus, we are free to chose
it in a way that simplifies the calculations and exhibits the physics we are interested in. Since
computations inside the forward light-cone are not feasible analytically, we should chose a
surface ¥ contained entirely below the forward light-cone, i.e. a surface located before the
collision of the two projectiles. However, since we are interested in the evolution inside the
incoming projectiles, the surface should be located above the backward light-cone. It turns
out that the simplest choice is a surface X that runs just above the backward light-cone, as
illustrated in figure 3.4. The two half planes X; and X, that constitute this surface are defined
by the equations:

(1) X =e, x"
(Z2) xT=e, x

INIA

€. (3.43)

The value of the small parameter € should be such that the color sources are located below
the surface X. It may seem that this choice of £ somewhat disobeys our requirement that X
be entirely below the forward light-cone. However, the tip of the wedge (the part of X located
above the forward light-cone) is too small to produce any logarithmic contribution.

Although all the numerical studies of the Yang-Mills equations in the forward light-cone
are performed in the Fock-Schwinger gauge —whose advantages are to treat the two nuclei
symmetrically and to render trivial the constraint of covariant current conservation—, this
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Figure 3.4: Choice of the surface X in eq. (3.42).

t

gauge condition is not well suited to the present problem. This is readily seen by calculating
the free propagator in this gauge[116, 117], which is made very complicated by the explicit
space-time dependence of the gauge condition. Fortunately, as explained after eq. (3.42), the
relationship that exists between the gluon spectrum at LO and at NLO is valid in any gauge.

Since the JIMWLK equation has been originally derived in light-cone gauge, it is conve-
nient for us to also use this gauge, since this will facilitate the interpretation of our results.
There is however a complication in our case: since there are two projectiles, there are also
two different light-cone gauges one may chose. In order not to break the symmetry of the
problem, one can use the fact that the two branches of the surface X are not causally con-
nected, and use different light-cone gauges on each branch. We thus make the following
gauge choices:

(Zl) AT =0 )
(£,) A~ =0. (3.44)

This means that, depending on whether they are evaluated on the branch £ or £; of the
surface X, the fluctuations aik o and " must be obtained either in the AT = 0 or in the
A~ =0 light-cone gauge.

According to the appendix D, when the initial surface is defined by x~ = € and the gauge
condition is A* = 0, the operator T, is given by:

)
5(0-Ae ()
)
§(A(u)
)
S(0vAYe (W)’

a- Ty = 3 (Qiap(wa®(w)
+Q1qp(u)a(u)

+0(Q1ab (W) a*?(w) (3.45)

where ()7 is the Wilson line that we have already encountered in eq. (3.24). The field Ag
that appears in the functional derivatives is obtained by a residual gauge transformation of
the field A",

AL =0 (A% + é a*)al, (3.46)
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which has the virtue of eliminating the pure gauge field above the boundary X while pre-
serving Ai = 0. (The same transformation must be performed on the branch X, that in-
volves instead the Wilson line )5.) Thanks to this formula, we see that for each fluctuation
a € {B, atkral}, we need to calculate the following quantities on the branch Z;:

0" (Qiab(Wa® (W), Qiap(wa (), 3.(Qrap(w)a®(u)). (3.47)

As we shall see shortly, only the third of these quantities is necessary in the calculation of the
logarithmic divergences.

3.2.5 Field fluctuations on the initial surface

Let us now calculate the quantities listed in eq. (3.47) on the branch X, in the case of the
fluctuations aik)\a(x) . In the remote past, they start as plane waves:

limalf () = eX (k) T etk (3.48)
and they propagate unmodified in the region O (see the figure 3.1), since the classical back-
ground field is zero in this region. When crossing the light-cone in order to reach the branch
Y1 of the surface X, we face a difficulty since the — component of the incoming fluctuation
induces a correction to the J* current that lives on the light-cone, because of covariant current
conservation. However, this is easily circumvented by going temporarily into a gauge where
the — component of the fluctuation is zero [1]. In this gauge, where we denote the fields and
field fluctuations with a tilde, the modification of the fluctuation when crossing the region
0 < x= < e is calculated in the appendix C. But before, let us write explicitly the gauge
transformation that relates the two gauges:

AR+t = Qf (A% +a*) Q + éQ*a“Q : (3.49)

Note that we already know the gauge transformation that relates the classical fields A" and
AM in these two gauges, since it is precisely the transformation of eq. (3.22) with the Q;
given in eq. (3.24). Since the fluctuation we are adding on top of the classical field is a small
perturbation, we can write the transformation Q) of eq. (3.49) as a small correction to Q1:

Q=(1+igw)Qy, (3.50)

where w is an SU(3) element with components of order one. Subtracting from eq. (3.49)
the gauge transformation of the classical part of the gauge field, and keeping only terms of
relative order g, we find the following gauge transformation for the fluctuations:

a* =0} (@ —ig[w,A"] — 0"w) Q. (3.51)
In order to determine w, we need to request that a™ = 0, which leads to
dtw +iglw, AT] =at, (3.52)

the solution of which can be written as

w(x) = Q1 (x7,x )f(x",x1) +J dz= Qq(x ",z ,x)at(x",z7,x1) . (3.53)
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In this equation, f(x*, % ) can be any function independent of x—, and Q; (x~,z",x ) isa
Wilson line along the — direction, where one integrates only between z— and x™:

X

Qilx 2z ,x ) =T exp {igJ' dy~ fﬁ(y*,xg} . (3.54)
—
The arbitrariness in the choice of the function f means that there is a residual gauge freedom
after one has enforced the gauge condition at = 0.

A crucial point in the derivation is how this residual gauge freedom is fixed. In our
calculation of the NLO corrections, the small field fluctuations entered in the formula (2.96)
for the propagator G . This way of writing this propagator is valid only if the initial value
of the fluctuations aixxq are plane waves with on-shell momenta, as one can easily check
on the corresponding free propagator. Thus, eq. (3.53) must lead to a plane wave for the
fluctuation in light-cone gauge if x~ < 0. The simplest way to achieve this is to take a plane
wave for the fluctuation " in the original gauge and to set the function f to zero®. Therefore,
the requirement that eq. (2.96) be valid leaves no room for a residual gauge freedom.

We only need to know w on the branch X; of the surface X, i.e. at x~ = €. Because the
components of )1 and of @* are of order one, it is legitimate to neglect the values of z~ in
the range between 0 and € in the integration in eq. (3.53). Moreover, forz~— < 0 and x~ = €,

the incomplete Wilson line Q is equal to the complete one Q1. Thus we can factor it out of
the integration,

0
wxT,x =e,x1) =04 (e,xL)J dz= at(xt,z7,x1). (3.55)

Once w has been determined, the — and i components of the fluctuation in light-cone
gauge are given by

am = of(-aw)a,

o = of(a-dw)or. (3.56)

As we will see later, the logarithmic divergences we are interested in come from the inte-
gration over the longitudinal momentum k™, when k™ — +oc0. However, the first two quan-
tities listed in eq. (3.47) carry a — index, which implies that they scale like k™ ~ ki /kt —0
in this limit. This is the reason why they do not contribute to the divergence. Let us therefore
focus on the third combination’

2. (Qra*Ql) = 23.(a"* —ig[w, A*] — " w)
= 93" w-0d(a —o'w). (3.57)
(In the second line, we have used eq. (3.52) as well as @~ = 0.) Using again eq. (3.52) to
replace 0" w, and the fact that AT = 0 at x~ = ¢, we get
du(QratQl) =viw—0-a" 2. (3.58)

8This choice is still not unique. There are other combinations of choices for the initial value of @" and for the
function f that also give a plane wave for a*. But our choice is the most natural.
9Here, we use the relation (Q aQ;r)c = Qqcpa® in order to adopt a matricial notation. The validity of this
identity follows from the definition of the adjoint representation. In the left hand side of the identity, a is the SU(3)

matrix a = aP TP, This matricial notation is more convenient here given eqs. (3.56) for the fluctuations.
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Let us now consider specifically the fluctuations atyxg. In the gauge @~ = 0, their
expression below the light cone (i.e. for x~ < 0) reads

@ e (X) = &N (K) T eFtx (3.59)

&lk) = 0,
(ke k) = 89,
A=1,2
) = Keroulk (3.60)

k_

The formulas that govern the light-cone crossing in this gauge [1] are derived in the appendix
C. Using this result, one obtains the following expressions!? for these fluctuations just above
the light-cone, at x~ = €:

~ - ; 1 . x

Gfa(x) = [Qreale,x1) & (K + (' Q1vale,x1) 5 -k (K)] 55,

@Paa(X) = Qivale,xi) el (k) ek, 3.61)
Note that for these fluctuations, on has

a_dlkha = aidiik)\a . (3.62)

(It is in fact a general property of the @~ = O gauge that 07 (9,,d") = 0.) Therefore, we
have

0 (Q1ak 10, Q1) = 07 (0tw — 2d% 15 - (3.63)

Substituting eq. (3.60) into eq. (3.55), one gets the value of w on the hyperplane x~ = €,

) Ko k.
wy (X", e,x1) = F2iQ1pale, x 1) Z &\ (k) e=tx . (3.64)
1L
Therefore,
aH(QVUCai?O\a) = aH(Q1 aik?\aﬂ];)b = _zal {eiik-x (X;:lllzaé}\ (k)} ) (365)

where we denote

ilb — il kikl s kl i
Kixg = ot — kz O.1ba(e,xJ_) + lkT 0 O.u,a(e,xl) . (366)
1 1L

10 the notation dil;d\ a (x), the color index a is the initial color of the fluctuation (i.e. when x® — —o0), while
b is its color index at the point x.
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3.2.6 Origin of the logarithmic divergences

In eq. (3.42), let us consider first the term which is bilinear in the operator T, (real correc-

tion). As we will see later, the term in 3 - T, (virtual correction) can be derived easily from

it. For a fixed momentum k, this term is in fact finite, and the divergences arise from the

integration over this on-shell momentum. More precisely, the dangerous integral is the k™

integral. Indeed, the momentum k* being on-shell, one has an integral
“+o00 dk+

J-o g (3.67)

which can potentially diverge at both ends. Note that wherever k™ appears in the integrand,
it should be replaced by its on-shell value,

_ K
2kt

(3.68)

By inspecting the integrand in eq. (3.42), we see that it contains the following exponential
factor

2 (vt .t
exp <1kl("2k+u)> . (3.69)

Among the exponential factors, this is the only one that depends on k*. Indeed, the term in
kT (v~ —u) does not appear thanks to our choice of the surface X, since on its branch £; we
have u™ = v~ = e. Moreover, given the structure of the previous exponential, it is clear that
the integral is convergent at the limit k* — 0, since the fast oscillations of the exponential
cancel out any potential logarithmic divergence. However, no such cancellation happens at
the other end, since the exponential goes to 1. Whether one gets a divergence or not depends
on the other k' -dependent factors in the integrand: in order to get a divergence, these factors
should not go to zero when k* — +oo0.

It is straightforward to see that the combinations QO7a~ and 9~ (Qa') contain an extra
power of k™, i.e. of 1/k™. If any of these terms is kept in the k™ integral in eq. (3.42), one
gets a finite result. Thus, as previously announced, the only divergence arises when we have
the term in 0,,(Q7 a*) in front of both T’s.

Naturally, in the Color Glass Condensate effective theory, the k™ integral is not really
divergent, since there is an upper cutoff A" that separates the modes that are described as
color sources (k™ > A™) from those that are described as color fields (k™ < A™). Moreover,
in view of the forthcoming discussion of the CGC renormalization group, it will be useful to
consider only a small slice of field modes, located just below the cutoff,

AT <kt < AT (3.70)

We will show that the leading contribution coming from this slice of field modes can be
absorbed into a redefinition of the color sources, thus leading to a new CGC effective theory
with a lower cutoff and a renormalized distribution of sources.
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3.2.7 Real corrections

The relevant part of the bilinear term in eq. (3.42) is

1 AT a’ky [ 2
g (A’*) J (2n)2 Jd e dv
x 3 0 (Qivale us)ating (W)Y (Qicele, vi a5, )

Aya

€
X J dutdv*
—00

o 5

. 3.71)
50 L AR (11) 5 L AKC (V)

Note that this is only the contribution one gets when the two points u and v are both on the
branch X; of X, as illustrated in the figure 3.5. When they are both on the branch X,, it is

Figure 3.5: One-loop correction to the expectation value of an observable © where the points u
and v are located on the same branch of the surface X.

o0

easy to guess the answer by symmetry, and when they are on different branches we will show
that there is no logarithmic contribution at all.

In order to simplify the notations, let us use the shorthand 97 (u*,u ) = 9,A* (u).
The quantity on which the functional derivatives with respect to 3, are acting depends on the
value of the classical field (in the LC gauge) on the surface X. This initial classical field has
no + or — component, and its i component does not depend on the ut coordinate along the
branch £; of Z. Therefore, the observable depends only on the 1" -independent mode of 91,

‘I €

=g s, (672)
L —L+e

where L is the length of the u* interval''. Thus, one can replace derivatives with respect to

97 (ut,uy) by derivatives with respect to 97 (u_ ),

o 1 )
89 (ut,uy) Fidr(uu)l = L8971 (uy)

Moreover, since this derivative is obviously independent of u™, the subsequent integration
with respect to u™ simply produces a factor L, so that we have

- +_ 8 __ 5
J_He ' g P ()] = g P () (3.74)

FO1(uy)]. (3.73)

Since the u™ interval is semi-infinite, it is better to consider u™ € [—L + €, €] in all the intermediate steps, and
to take L — +o0 at the end. All the L dependence disappears in this limit.
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We are now free to take the limit L — +o0, since the right hand side does not depend on L.

The quantity 97 (1, ) can be expressed in terms of the gauge field A*

o1’

Dru(ur) = —0"AY (e, ul), (3.75)
where .A; |18 relateNd to A} by eq. (3.46). Recalling the expression of A} in terms of the
Lorenz gauge field A7,

i i i

Aileus) = 06 ui)o'Oile,ul)

| e ol (e u)onE w676

it is easy to relate'? variations of 97 (u_ ) to variations of flf (z7,u_) in the z~-bin neigh-
boring the endpoint z~ = €:

§91(uy) = V3 dzm 847 (e,uy) . (3.77)

In this relation, dz~ is the width of the bin of z~ in which the variation of A7 occurs. A
variation SAT (e,u ) in the slice [e — dz—, €] also amounts to multiplying the Wilson line
Q5 on the left by the factor 1 +1igdz~ 8A] (€,u ). If we introduce the left Lie derivative'*

V3 » we can thus write
L—szx Glu, —x,) Ve (3.78)
TR '

where G(u, —x ) is a Green’s function of the two-dimensional Laplacian operator:
V3 Gup —x)=06u,—x1). (3.79)

(Some useful properties of this Green’s function are derived in the appendix E.) We can now
rewrite the operator in eq. (3.71) as

1 AT
7 1In (/w) szxldzyL n°(x1,y,) Ve, V5, (3.80)

where we have defined

. 1 (d%k
nb (x1,y,) = %J (Zﬂ)t J'dzul dva G(x. —u)G(y, —vi)
X Zaﬁ(de(e,uL)aiim(u))ax <Q1ce(€»vl)ati)\a(v)) .
Aya

(3.81)

i
Q1 ;
get 891 (uy) = 0). This transformation was introduced in order to eliminate the background field A} above the
surface Z (by using the residual gauge freedom of the light-cone gauge), and the exact same transformation must be
applied to perturbations over the background field.

3Indeed, since A% depends on the integral of flT over z—, changing flT at a single point has no effect on the

121n doing this, it is important to keep the transformation from A% to A fixed. (Otherwise, one would always

value of A% .
14This derivative is defined in such a way that

Vi, Oy, ) =igdlx, —y )t*Qy,), Vi, Of(y ) =—igdx, —y, )0 (y )t*.
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Thanks to eq. (3.65), this quantity can be rewritten as follows

1 dsz i j
be . 2 2 ilb ile
N (xL,yy) = 73J 2 Jd updiv, Z“ikﬂ(ul)oﬂk (vi)
473 ) (27) - ¢
o elkr(u—vy) WL =X vi -yl (3.82)

(U —x1)% (vi—y,)?’

In order to obtain this formula, we have integrated by parts in order to shift the action of
the derivatives 9!, and 93, onto the propagators G(u; —x, ) and G(v, — y ) respectively
(explicit formulas for the derivatives of the 2-dimensional propagator can be found in the
appendix E). Moreover, the sum over the two physical polarization states has already been
performed in this formula, using egs. (3.60).

From the explicit formula (3.66) for the coefficients ocitl,ia that appear in this expression,
it is easy to express N°¢(x,,y ) in terms of the Wilson line Q7. Note that oc’iﬁa is the
sum of two terms that are mutually orthogonal, since one is parallel to k' while the other is
orthogonal to k. We obtain a first contribution to °¢ by keeping only the first term of each
« in eq. (3.82),

1 xi—ui oyl v
be _ v 2 2 L L L L
NS (xnLyy) = 8t Jd wLdivy (x1—ui)? (y,—vi)?

xAY(u; —vy) [Q1(€,UJ_)O—]1L(€>VJ_) - 1}1” y  (3.83)

where the function AY(u, — v, ) is defined in eq. (E.11) in the appendix E. If we keep the
second term in each of the «’s, we get

1

npfxL,y.) = EJ

du; (xp —uy)-(y, —uy)
(2m)?2 (x1 —u)? (y, —uy)?

x [1 +O4(e,x1)Q0 (e,y,)

~01(e,x1)0 (e, ur) — (e, ui)Ql(e,y)]
1 xt —ul yi V)
+o— | dPud?v L L L L
8714J T i —u)? (Y —vi)?

xAY(u; —v) [Qﬂe,ul)ﬂx(e,vl)—qbc . (3.84)

Thanks to the orthogonality between the first and second terms in «, the mixed terms are
Zero:

nfs (x,y) =0 (xL,y,) =0. (3.85)

We see that when we add up all the contributions to n°¢(x 1,y ), the terms containing A}
cancel out, leaving only

e 1Jd2u¢ (xi—ur)-(y, —uy)

oY) = 2 )y, —w)?
x|+ 01(e,x1)0 (Y1) — Or(e,x1)0f (e, u1) = Or(e,u )0 (,yL)]
(3.86)
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It is interesting to note that the integrand in this formula can be factorized as follows:

n*¢(xL,y,) = :T[szuJ_I(xJ_»uJ_)‘]T(yj_)uL)

1 (x —uy)
Em Q) —Qu)ly, - (3.87)

Jia(x,ul)

(The first of these two equations has an implicit sum over the indices 1 and a.) Egs. (3.80)
and (3.86) provide an explicit result for the contribution of the term bilinear in T, when both
u and v are on the branch X of the surface X. If they are both on the branch X, one obtains
a large logarithm in the k integration when k= — 400, and it is easy to guess the result by
symmetry:

1 A~
7 1In (/v—) szxldzyL n°“(x1, Y1) Vi, Vs, (3.88)
with Lie derivatives that act now on (), and
1 (d%u; (xp—uy)-(y, —uy)
bc _ L L L 1 L

X |1+ Qale,x1)Q) e,y ) — Qa(e,x1)Qb (e, ur) — Qafe,ur)Qb(e,y, )]
(3.89)

The only remaining case to consider is when the points u and v belong to different
branches of the surface X, as illustrated in the figure 3.6. In this case, neither ut — v*
nor u~ —v~ vanishes. Therefore, the exponential factors in the integrand oscillate both when
kt — 400 and when k=~ — +o0, preventing the occurrence of any divergence in these
limits.

Figure 3.6: One-loop configuration where the points w and v are located on different branches of
the surface L.

There is also a potential complication with the tip of the wedge in the figure 3.6. Indeed,
if the points u or v are located in the part of X that sits above the forward light-cone, then
our calculations are not correct because the background classical field that one should use
is the radiated field resulting from the collision. However, we need not bother with this
complication in the limit € — 0, since the terms coming from the tip of the wedge vanish like
€ or €2 (depending on whether only one or both of u, v are located there).
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3.2.8 Virtual corrections

Figure 3.7: Linear term in 3 - T+, in eq. (3.42).

We must now calculate the term in {3 - T, in eq. (3.42), illustrated in the figure 3.7. By
mimicking the evaluation of the real contribution, we can first write, when the point u is on
the branch X1 of Z,

r dutd*u, [B-Ty] =

:J'dzxLszuL G(uy —x1) 0% (Qrpale,ur)ph(u) Vi, .

N
In (//\\,+> vP(x,)

(3.90)

In writing this equation, we have anticipated that a logarithm of A™/A’* arises from the k™
integral hidden in B! (u), and we denote by vP(x ) its prefactor.

In principle, one could calculate directly the function v® (x| ), by extracting the logarith-
mic divergences in the k™ integral (hidden in the source term in the equation of motion for
B*H). However, it is much simpler to try to relate v° (x| ) to the previously obtained function
N°¢(x1,y ). This relation will save us a fair amount of calculations, and by doing this we
will get for free the additional result that the renormalization group evolution is unitary. The
starting point for doing this is the Green’s formula for " (), that expresses it in terms of its
value on the hypersurface defined by v— =0,

aZ

1 A3U(A) .
I A AR aT ) Trr V)] (391)

Be(v)

In this formula, GO“: is the free retarded propagator for a gauge field in light-cone gauge, and
G2% is the ++ component of the Schwinger-Keldysh propagator, dressed by the background
classical field. Note that there is no boundary term in this Green’s formula, thanks to our
choice of the surface v— = 0 for the boundary. Indeed, the fluctuation 3* is identically zero
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at v~ < 0. The propagator §5° can be expressed in terms of the fluctuations atyxq thanks
to egs. (2.93) and (2.96). Consider now the Green’s formula that expresses the fluctuation
Q+kaa(x) in terms of its value on the surface y— = 0,

) = —iJ dhy G () — AL e (Bl . (3.92)
+kAa y—=0 ORr ) QAY (v)aAP(v) +kAa

It is not necessary here to make the boundary term more explicit (its detailed form in light-
cone gauge can be found in the appendix D). In this formula, both the fluctuation ax», and
the second derivative of the gauge potential depend on the background classical field. Let us
introduce an operator a - 7T, that substitutes a power of the background field A by a power of
the fluctuation a at the point v*. This operator is somewhat similar to the operator a - T,
except that it acts in the bulk, while the latter performs this substitution only in the boundary
term. Now, define

d3k
=2 ZJ 21 Ssz e A [a1aa - To] alfoa(w) - (3.93)
By using the above Green’s formula for a* % kra» We obtain
92U(A)
H — i d4 GHY _otdiA) o,
) lJv*>o v Goy (V) {am (v)aAP(v) W)
1 3U(A) oo
3 AV WIAAP (VAT Y V). (3.94)
Thus, we see that {* and B* are equal, which proves that
d3k 4 "
"2 Z (2m)32k |, d*v [a_kra - Tv] @iy (W) - (3.95)
v

Inserting this identity into the equation (3.90) that defines v° (x| ), we get

A* a3k A
In (F) ZZJ' 27_[ 30K [v >Od v [a_k)\a ‘J’v}
X J d?u; Glu, —x,) oY (de(e,uL)aiiM(u)) . (3.96)

Note that in this equation, the k™ integration is confined to the slice A’" < kt < AT,
Moreover, this equation is only valid for the logarithmic part of this integral, but not for the
finite terms. Therefore, in order to obtain v°(x ), we must identify the logarithms in the
right hand side of this equation. In order to get a logarithm from the integration over k™, we
need to tame the oscillations that arise from the factor exp(ik™ (u~ —v~)). This is only the
case if v is very close to the endpoint u™ = € (due to the retarded propagator in eq. (3.91),
v~ cannot be larger than u™). Thus, the diagrammatic representation in the figure 3.7 is a bit
misleading: the vertex where the loop is attached must lie very close to the surface X in order
to pick up the terms enhanced by a logarithm. A more faithful graphical representation is that
of the figure 3.8.
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Figure 3.8: Log enhanced part of the term 3 - T, in eq. (3.42).

The final step in the calculation of v® is to note that if one integrates the bulk operator
a -7, over v~ in a very small slice near ¥, one gets the boundary operator a - T,,. More
precisely,

€
lim J dv- [a-T,] =a-Ty. (3.97)
dx——0 e—dx—

Using this identity, as well as the relation between the operator T, and the derivative with
respect to A, we obtain

J d*v [a—kAa . 7v] szlh J d*vy Gy, —vi)
v—>0

x Y (Q1ce(e,vJ_)al’i)\a(v)> Ve (3.98)

LLog

(This identity is only valid for the logarithmic terms, as emphasized by the LLog subscript
below the equality sign; indeed it is only for these terms that the v~ integral is restricted to
an infinitesimal slice near v— = €, so that we can use eq. (3.97).) Once inserted in eq. (3.96),
this leads to

AN o T [ a3k
ln(/v+>V (es) = EJd YL éj (2m)32k

<[ €. Gly, —vi) 8 (Queele,vi)a¥i V)

VS szuL G(xy —uy) aﬁ(QWd(e,uL)aii}\a(u)) .

(3.99)
If we consider the underlined terms alone and recall eq. (3.81), we recognize
A+
ln</\,+)nbc(n,m)- (3.100)

The final step in our derivation is to notice that since Vy; ~shares a color index with O, we
have the identity [81, 83, 118]

ve ooy (Qne(e,vl)a\_’i)\a(v)) —0, (3.101)
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because of the antisymmetry of the adjoint generators of SU(3). We can therefore move the
operator V;l immediately after the measure d?y , to obtain

1
V) = 5 [y vy, i), (3.102)

which expresses v® in terms of the coefficient n°¢ (the latter being known explicitly in terms

of the Wilson line (01). Let us finally recall that this is the contribution that one gets when
the operator {3 - T, is taken on the branch Z; of X. We must add the contribution from the
branch £,, which is obtained by replacing the In(A* /A’*) by In(A~/A’~), and the field A
and Wilson line Q7 by AJ and Q; respectively.

Let us now combine the results from eqs. (3.86), (3.89) and (3.102). We see that the
logarithmic part of the single gluon spectrum at NLO can be written as

dN; { ( AT ) ( A~ ) dN,
& - In M1 +1n H4 bl (3.103)
d3p NLO AL <L,:0ig<,\i /\/+ /\/ d3p LO ’
where the operator 3y, known as the IMWLK Hamiltonian [76—83], is defined by
1
5, = Ejdzndzm Ve m(xi,y,) VP, (3.104)

and H, by the same definition with f[; instead of flT We have made use of eq. (3.102) in
order to write this operator as a total derivative. This property is crucial, because it ensures
that it is a self-adjoint operator. The inequality under the equal sign in eq. (3.103) is a re-
minder of the fact that this formula gives only the logarithmic NLO terms that arise from a
slice of field modes located just below the cutoff of the CGC effective theory. Modes that
have a longitudinal momentum smaller than A’* are not included in this result. Note also
that, although the coupling constant g does not appear explicitly in the IMWLK Hamilto-
nian, it gives nevertheless a correction of relative order g2. This is due to the presence of two
functional derivatives with respect to fields of order A ~ g~ .

3.2.9 Renormalization group evolution

Eq. (3.103) gives the logarithmic NLO contributions to the single gluon spectrum from the
slice of field modes A’* < k* < A®*. This formula is valid for a given configuration of the
sources 1,2 (in Lorenz gauge) describing the projectiles. Since the IMWLK Hamiltonian
in eq. (3.104) contains derivatives with respect to the fields A] 5, 1.e. with respect to the
sources near the cutoffs A*, this formula suggests that these NLO corrections can be taken
into account simply by adding a layer of slower sources just below the cutoff. Let us see in
more detail how this works.

In the CGC with cutoffs AT, the sources {1 2(xT,x ) are defined over the range 0 <
xF < 1/A*, and their distribution is given by a pair of functionals W+ [p1 2(xF,x1)]. The
expectation value for the single gluon spectrum, including both the leading order and the slice
A'F < k* < AT from the next-to-leading order, can be written in this effective theory as

+
<dN1>A
3
d P LO+[A/E AL)

X Wa+[pr(x7, x ) IWaA-[p2(x 7, %1 )]
A* A- dN
xp+mCW>HHH(AFy%}&%

76

= J [Dﬁ] (x‘,xL)Dﬁz(XjL»xi-ﬂ

(3.105)
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(The superscript A* in the left hand side is a reminder of the fact that the calculation is done
in an effective theory where all the modes above A* are treated as sources.) At this point,
two properties are crucial. First, we can use the fact that the operators J}{; » are self-adjoint
in order to integrate by parts. Secondly, if the slice of modes that we integrate out in the NLO
correction is small enough, then we can write

AF A~ A+ A~
1+In (/W) i +1In <A> 3, = [1+1n (/w) 36| [141n (/\) 76|, (3.106)

up to terms of order ocZ. Let us now extend the sources p1 2 into sources P}  that are defined
over the range 0 < xT < 1/A’%, by the following relations:

i. The sources p; , and p1,> coincide over the common part of their domain of definition:
if xT < 1/A%, then f)’lsz(xfo) =p1,2(xF,x 1),

ii. The value of the sources in the range 1/A* < x¥ < 1/A’* is stochastic, with a
probability distribution given by

+

A
Wi 98,207 %01 = 110 (2 ) 9602 WasTon sl 07

By doing this, we are changing the original CGC effective theory into another effective theory,
whose cutoffs are now at the scales A’*, and the field modes that we have integrated out in
this process are now described as classical sources. Note also that the probability for p , in
the new slice depends on the value it takes in all the previous slices, since the Hamiltonians
Jq,2 contain the Wilson lines ()7 >. Thus we have proven the following identity:

<dN1>Ai _<dN1 N (3.108)
dsp TA\&p/, :

LO+[A/E AL

In words, this equation means that in order to include at leading log accuracy the NLO con-
tributions that arise from the slice A’* < k* < A¥ it is sufficient to perform the calculation
at LO and to use a CGC effective theory with lower cutoffs, where the source distributions in
the new effective theory are defined by eq. (3.107).

What has been done here for one slice of quantum modes can be repeated indefinitely,
until all the modes have been integrated out down to k* — 0. One should consider a sequence
of increasingly smaller cutoffs:

AL << AT <A (3.109)

/\g are the cutoff scales of the original CGC effective theory, and they must be taken close
to the fragmentation region of the two projectiles. Then, one uses the result of eq. (3.108)
repeatedly in order to integrate out the leading contribution from the loop corrections in the
successive slices /\ii+1 < k¥ < /\ii. At the end of this resummation, one obtains the
complete leading log answer for the single gluon spectrum, that we can write as:

dN;

()., = [Pwe e
X Wp1 (x7,x 1 )IW[p2 (xF,x 1 )] i];]]; : (3.110)

LO

71



In this formula, W[p; »(xT,x )] are the limiting distributions obtained by repeating in-
finitely many steps such as (3.107), until A* — 0. This is a central result of this chapter;
it shows that all the leading logarithms that arise from loop corrections can be absorbed into
the distributions W/[@1 ] that represent the distribution of sources in the projectiles.

At this stage, we have not said a word about the universality of these distributions, i.e.
about whether they are intrinsic properties of the projectiles, regardless of the observable one
is measuring. A first indication of their universality is the fact that the JIMWLK evolution
equation (3.107) that drives the evolution of these distributions as one lowers the cutoff was
first encountered in the context of inclusive deep inelastic scattering off a nucleus. Moreover,
in the next sections, we will see that the same distributions enter in the formula for the multi-
gluon inclusive spectra.

Let us end with a note concerning how far one must carry the evolution of the distributions
WIB1 2(xT,x )] in practice. The single gluon spectrum contains a Fourier transform of
the classical fields, with the momentum p*. Thus, it is sensitive to sources in the region
0 < xT < 1/p*. Sources at higher values of xT —or equivalently that carry a longitudinal
momentum smaller than ‘pi— are irrelevant in this observable. Therefore, it is sufficient to
evolve the distributions Wa + [p1 , 5] down to scales AT ~ pi. One can of course evolve them
further down in longitudinal momentum, but the slower sources one adds to the distribution
by doing this do not contribute to the production of a gluon of longitudinal momentum p*.

3.2.10 Iteration of the JIMWLK kernel

Eq. (3.107) is the form of the IMWLK equation for a small change in the cutoffs AT — A’*
of the effective theory. Naturally, it can be written in differential form as follows!

OW p N
— A — 3 5 (AT) Ws . 111
dIn(AF) 12(AT) Was (3.111)

Here, we have included an argument A* in the Hamiltonian itself, to recall that it depends

on Wilson lines () > that integrate sources down to the scale AT and that the derivatives
it contains are with respect to sources near the cutoff. This is important, because it means
that the Hamiltonians at different values of the cutoff do not commute. Therefore, when we
formally solve eq. (3.111), we must write the solution as an ordered exponential:

AT dx 4
Whs = Ta exp [— g0,k )} Wy, (3.112)

where /\(j)E is the scale where the initial condition is given. Ty is an ordering such that
products of Hamiltonians are ordered from left to right in order of increasing cutoffs'®. As is
the case with other evolution equations in QCD (such as DGLAP, BFKL), the initial condition
1'% A is a priori non-perturbative.

I5This equation is often written in terms of the rapidity interval Y = 1n(/\5t /AE) between the initial value of the
cutoff and its current value. It has the same form as eq. (3.111), except for the minus sign.
161 e. Hamiltonians with a lower cutoff must appear on the left of the product.
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By inserting eq. (3.112) (with AT — 0) into eq. (3.110), and by integrating by parts, we
get

N
<(c1131;> = [[Po10 % Dpax )

X W [p1 (¢, x L )IWA L [p2(x T, x 1))
dNy

< UOANGO,AG)

(3.113)

LO

Although too formal to be of any use in phenomenological applications, this equation sheds
some light on the structure of the leading logarithms that arise in higher loop corrections.
Note first that the Hermitian conjugate of the evolution operator U, > is simply obtained by
reversing the ordering, since the Hamiltonian H; > is Hermitian:
+
AT dkE

T + Ay _ T _ +
U LA AE) =T exp[ Loi - Tl )}. (3.114)

(T4 denotes the opposite ordering to T.) Thus, in uI 2> Hamiltonians with the largest value
of the cutoff appear on the left. Moreover, an essential property of the JIMWLK Hamiltonian
at the scale A™ is that it contains derivatives with respect to the sources at the scale A", and
has prefactors that depends on all the sources that have longitudinal momenta k™ > A™T.
Thus, in a combination of the form

Hi(kD)Hi(k3) O (3.115)

with k] > k7, the derivatives in the leftmost Hamiltonian (J; (k7)) can act both on the
observable O and on the Hamiltonian 7 (k3 ). This possibility has a simple diagrammatic
interpretation. Consider the leadin% logs of A" at 2-loop in eq. (3.113). This amounts to
expanding the evolution operator U; to second order in the IMWLK Hamiltonian. Because
of the k™ ordering in Uy, these 2-loop terms are of the form

AT + AT +
— dk; de; + +
0, n 2, JA: e Lr = H(x3) H(kF) O - (3.116)

The terms where the derivatives in (k] ) do not act on (k3 ) correspond to the diagrams
of figure 3.9. If we look only at what happens below the line x~ = €, these contributions are
just disconnected products of terms we had already at 1-loop. The analysis we performed of
the logarithmic contributions at one loop extends trivially to these terms and it is easy to see
that they have two powers of the logarithms.

In addition, eq. (3.116) also contains terms in which at least one of the derivatives in
H(x{) acts on H(k3 ). This corresponds to topologies of the type displayed in figure 3.10.
Such terms, that have a gluon vertex inside the region where the sources live, have a large
logarithm for the same reason that the tadpole has a logarithm in the 1-loop terms. Thus one
can see that it is crucial to properly order the powers of the Hamiltonian J{ in longitudinal
momentum in order not to lose these terms.

Note also that there are some two loops topologies that never appear in eq. (3.116), such
as those of the figure 3.11. The contributions in this figure are radiative corrections to the
coefficients of the operators T,y in eq. (3.42). In other words, these terms generate correc-
tions of order o to the coefficients in the IMWLK equation, and do not have double logs of
AT This explains why they are not generated by the leading log formula in eq. (3.116).
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Figure 3.9: Two-loop contributions made of products of pieces already encountered at 1-loop.
Although we do not make this distinction in the figure, one of the factors is attached at a
slightly smaller value of x™, because the two Hamiltonians in eq. (3.116) are at different
longitudinal momentum scales.

<, L <
7 7, .7,

5 % 4

Figure 3.10: Example of term obtained when the derivatives in H (k7 ) can act on the coefficients
of H(x3). Here, one of the derivatives in (k7 ) acts on the function n°¢(x1,y,) of
H(k3) and the second derivative in H (k7 ) acts directly on O, .

Figure 3.11: Two-loop corrections to the observable O that do not appear at leading log.

< <
7, 7,

4 5
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3.2.11 The dense-dilute limit

It is interesting to study the limit of the single inclusive spectrum at leading log accuracy,
given in eq. (3.110), when one of the two colliding projectiles is dilute. Let us assume for
instance that the source p; is that of a dilute projectile, i.e. that it is of order g (instead
of g~"). In this case, it turns out that the classical Yang-Mills equation can be solved an-
alytically [18, 119] and that a closed expression for the gluon spectrum in the integrand of
eq. (3.110) can be obtained:

dN; s dzkj_ dzéj_ i85, -b (pl—kJ_)z
epl, ?J 27 2m)? © piid
w[02(p, — ki + )05 (p, — ki — &)
8 NZ_1
1 ¢ o1
xp]a(kﬁr—)p]a(h—?), (3.117)

where P is the color source of the dilute projectile, and Q, the Wilson line constructed from
the source of the dense projectile (both are Fourier transformed in this formula). Here, the
formula has been written here for a collision at impact parameter b. For mean bias collisions,
one would integrate over b, which would eliminate the integral over the skewness & .

Because p is weak, one can also truncate the IMWLK Hamiltonian HH; to the lowest
order in Py, which is quadratic order. In this approximation, it is well known that the evolution
of the correlators <§1 P1 > simplifies into the BFKL evolution'”.

Therefore, the leading log result for the single gluon spectrum in collisions of dense-
dilute projectiles is fairly simple: the dilute projectile is entirely described by an unintegrated
gluon distribution that evolves according to the BFKL equation, while the dense projectile is
described by a correlator of two Wilson lines that evolves according to the JIMWLK equa-
tion. Note that the IMWLK evolution of tr (QZQE) mixes with that of more complicated
operators that contain more than two Wilson lines. It is only in the Balitsky-Kovchegov
approximation that it evolves via a closed equation [84—86].

3.3 Logarithms in the energy-momentum tensor

So far in this chapter, we have used the example of the single inclusive gluon spectrum in
order to illustrate the factorization of large logarithms of the longitudinal momentum. How-
ever, the number of produced gluons is not an infrared and collinear safe quantity. At NLO,
it contains divergences due to the splitting of a gluon in two gluons in the final state. Because
gluons are massless, this splitting can be either collinear or can produce a very soft gluon,
both situations leading to a divergent contribution. Naturally, hadrons and not gluons are the
observed final particles. In proton-proton collisions, it is well known that one should con-
volute the gluon spectrum with a gluon—to—hadron fragmentation function, and that all the
above divergences can be absorbed into a renormalization of these fragmentation function.

In heavy ion collisions, it is unclear whether this approach remains effective due to the
complicated final state dynamics. And even if one could still use the concept of fragmen-
tation function, it is most likely incorrect to convolute them with the CGC-predicted gluon

17Up to some prefactors, the correlator <f)1 P1 > is in fact an unintegrated gluon distribution.
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spectrum. Indeed, the CGC calculation enables one to describe the dynamics of the collision
up to a proper time equal to a few times Q '. Beyond such a time, additional effects that are
not encompassed in the CGC description —such as two body collisions [120]- start affecting
the evolution of the system. On the other hand, the infrared and collinear divergences that are
resummed into the fragmentation functions correspond to very late stages of the evolution
of the system. Therefore, there is most likely a gap between the stage at which the CGC
applies and the stage at which fragmentation functions become relevant, and one should not
convolute directly one with the other.

On the other hand, the CGC is thought to be an appropriate framework in order to de-
termine the initial conditions for an hydrodynamical description of the final state evolution.
In this context, the initial information one needs is the energy-momentum tensor at a certain
proper time Ty, as a function of the spatial rapidity 11 = In(x*/x~)/2 and of the transverse
position x| . The advantages of this point of view are two-fold. Firstly, by choosing an initial
time T of the order of a few times Q3 !, one does not need to use the CGC beyond its range of
applicability. And secondly, since the quantity of interest is now the energy-momentum ten-
sor, which encodes the flow of energy and momentum in the system, one avoids the collinear
and infrared singularities due to gluon splittings in the final state. Indeed, since these split-
tings conserve the energy and momentum, they have no effect on any observable that only
measures energy and momentum — as opposed to an observable that counts the number of
gluons, like the gluon spectrum. In this section, we will argue that the factorization theorem
that we proved earlier for the inclusive gluon spectrum also applies to the expectation value
of the energy-momentum tensor.

The energy-momentum tensor is a local composite operator, whose expression in a Yang-
Mills theory is given by

1
THY _ ZQHVFAUF)\U —FW‘FV)\ , (3.118)

where F*V is the field strength. Note that this formula does not contain any contribution due
to quarks. While present in QCD, the quarks are suppressed by a power of o in the CGC
framework (for the collision of two saturated projectiles), and therefore they do not contribute
until the next-to-leading order.

At leading order, the expectation value of the energy momentum tensor for a given con-
figuration of the color sources P71 is simply obtained by substituting the operator F*¥ by
the classical value of the field strength "V (i.e. the field strength obtained from the classical
solution of Yang-Mills equations):

THY = gV, o — FRAFY, (3.119)

Lo _Zg

For this quantity, the power counting indicates that

v Qs
T (3.120)

Before turning to the next-to-leading order corrections, let us make an important comment on
the evaluation of THY. Strictly speaking, one is evaluating the out energy momentum tensor
in the in vacuum state, i.e.

(Oin| Tour' [Oin) - 3.121)
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Because this matrix element has the in vacuum on both sides'®, the appropriate diagrammatic
rules for its perturbative expansion are those of the Schwinger-Keldysh formalism. In partic-
ular, one must sum over the + indices at each vertex of a given diagram. Similarly to the case
of the inclusive gluon spectrum, this sum implies that the boundary condition for the classical
field that enters in F*Y must be a null retarded boundary condition,

lim A*(x) =0, (3.122)

x0——o0
as was also the case for the inclusive gluon spectrum.

At Next to Leading Order, there are two types of corrections. One of them consists in
replacing one instance of the classical field A" (x) in TXY(x) by the 1-loop correction 3*(x)
already encountered in the study of the 1-loop corrections to the gluon spectrum. The second
kind of NLO correction consists in replacing a pair of classical fields A"(x)AY(x) by the
propagator G*Y(x,x). At this point, one can reproduce all the manipulations performed in
section 3.2.3. Likewise, one obtains the following relationship between the expectation value
of the energy-momentum tensor at LO and NLO,

N 1 a3k
TNLtO (x) = [2 AZ J m J dgsu a’ Sy [Cl—k)\a : Tu] [a+k)\a : Tv]
ya b
+Jd3Su B- Tu]] T"V(x), (3.123)
z

identical to what we had in the case of the inclusive gluon spectrum. Therefore, all the
subsequent analysis of the large logarithms of the cutoffs A* remains valid, since we have
shown that these logarithms arise from the coefficients in front of the operators T4, . In
other words, the results of the sections 3.2.7 and 3.2.8 can be summarized by the formula

1 d3k
2 ; J Zn32k J @Sy &*Sy [aina - Tl [ariona - T4
Ya‘ z

+Jd3su [(5 -’Ifu] = In (//\\:r> Hi(AT) +1n <//\\/> FHo (A7),

5 At ckEnt

(3.124)

which tells us what logarithms arise when we integrate out one small layer of quantum modes
just below the cutoffs A®. Obviously, thanks to this formula, the structure of the leading
logarithms of A* is universal for all the quantities for which eq. (3.123) is valid. When this
relationship between LO and NLO is valid, the coefficients of the logarithms are given by
the JIMWLK Hamiltonians of the projectiles, and as a consequence it is possible to factorize
these logarithms in the distributions W[ ] of color sources for these projectiles.

Applied to the expectation value of the energy momentum tensor, this factorization for-
mula reads

(M%), = | DB (6 %0 0DB(x %)

X Wp1 (x7,x )IWIp2 (x % )] TEY (tym,x 1) (3.125)

18 As opposed to S-matrix elements, that have the in vacuum on one side and the out vacuum on the other side.
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Here also, the W[p1 2 (xF,x )] are the limiting distributions obtained by evolving the distri-
butions of color sources of the two projectiles down to A* — 0. In practice, it is sufficient to
evolve them to a sufficiently low cutoff so that all the sources faster than the local comoving
frame are included in the distributions. Evolving to smaller values of the cutoff has no impact
on the final result since the inclusion of these slower color sources do not affect the deposition
of energy or momentum at the rapidity 7.

3.4 Multigluon correlations at Leading Log accuracy

3.4.1 Introduction

Let us now extend the discussion of the factorization of the leading logarithms of the collision
energy to the case of multi-gluon inclusive spectra. The proof follows closely what we have
already done for the case of the single inclusive spectrum, and its starting point is again a
formula that formally expresses the NLO corrections in terms of the LO result.

However, a delicate aspect of the discussion is the case of correlations between gluons
with a wide rapidity separation between them. Indeed, if this rapidity interval is oc;1 <
AY, then the probability of radiating additional gluons in the interval AY is of order unity.
This radiation leads to corrections that behave like powers of s AY, and therefore should be
included on the same footing as the leading logarithms of the collision energy. We will see
that these terms are also resummed via the JIMWLK evolution of the distributions of color
sources of the two projectiles. This observation will lead us to the following striking result:
in the collision of two saturated projectiles, all the correlations among the produced gluons
are, at leading logarithmic accuracy, correlations that pre-exist in the wavefunctions of the
projectiles. Any correlation built up during the collision itself or via final state interactions is
a next-to-leading-log effect (i.e. of relative order ocg, but without any enhancement by a large
logarithm or rapidity interval).

3.4.2 Expressions at LO and NLO

As we have seen in chapter 2, at Leading Order, the n-gluon inclusive spectrum in a fixed
configuration of sources (1> is simply the product of n single inclusive spectra:

dNn

_ 3.126
Ty (3.126

This result is extremely simple, but to be valid it is crucial that both sources p; and p, are
strong. If one or both of the sources become weak (i.e. if the number of color sources in
at least one of the projectiles is of order unity), this formula must be completed by some
additional contributions of the same order. This phenomenon is illustrated in the figure 3.12,
where we show how the order of magnitude of three contributions to the 2-gluon spectrum
evolve as we decrease the magnitude of the source p; (the source p; is fixed to a value of
order g~'). We see on this plot that the case where one collides a dense projectile on a
dilute one (as would be the case in some kinematical range in proton-nucleus collisions) is
the most complicated situation, since the three diagrams have the same order of magnitude
and all contribute at leading order. Although this is not the subject of this manuscript, let us
note here that the importance of these extra terms in the calculation of multi-gluon spectra is
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Figure 3.12: Evolution of three contributions to the 2-gluon spectrum as one evolves from dense-
dense to dilute-dense collisions (i.e. when p1 goes from g~ to g, while p, is fixed and of

order g7 ').
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possibly related to the pomeron splittings that also play a role in the discussion of pomeron
loops (see [121-127] for partial attempts to derive an effective theory that includes these
effects) in the dilute regime.

Each of the factors in the right hand side of eq. (3.126) is obtained from the classical
solution of Yang-Mills equations, with null retarded boundary conditions. It is also important
to realize that at this order, the multi-gluon spectrum is totally independent of the rapidities
of the measured gluons: it does not depend on the position of these rapidities with respect
to the rapidities of the two projectiles, nor does it depend on the position of these rapidities
relative to one another.

In order to discuss the factorization of large logarithms, we also need the next-to-leading
order formula for the multi-gluon spectrum. This formula was derived in the case of a scalar
theory in eq. (2.129). As we have seen earlier in this chapter, going from scalar fields to
gluons does not change the general structure of such a formula, and one needs only to prop-
erly track the color and polarization indices of the fluctuations 3§ and a';_, . The other
difference between a scalar theory and QCD lies in the detailed form of the operator a - T,.
Therefore, without further discussion, we can directly write the following formula for the
NLO correction to the n-gluon inclusive spectrum

dNy,
a3p, ---d3p,,

1 dsk 3 3
3 ZAZJ(zmsszd Sud’Sy [aina - Tu] [arra - 1]
@ b

dN
+Jd3su [(3 .Tu]] H d3p]i
¥

i

H dN]

3
w ity 4Pk

NLO

LO

(3.127)

dN;
—Z5(pi_pj) p,

i<j LO

In this identity, the fluctuations 3} and Q+paq are the same as those already introduced in
the previous section.
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3.4.3 Leading logarithms and factorization

Our next task is to extract the logarithms in this expression. For the terms on the first two lines,
this is best done by using the eq. (3.124) derived in the previous section. This formula tells us
that the operator enclosed in the square brackets contains logarithms, and indicates that when
one integrates out only a small slice of longitudinal momentum modes, just below the cutoffs
A, the coefficients in front of these logarithms are nothing but the IMWLK Hamiltonians
of the projectiles at the scales A*. The term in the third line is even simpler: since it is a mere
product of single inclusive gluon spectra at leading order, it does not contain any logarithm.
This term is therefore a NLO correction but not a leading logarithmic correction.

From now on, we can reproduce the reasoning that led us in the previous section to the
renormalization group evolution for the single gluon spectrum. We start at cutoff scales
/\Oi, with distributions of sources W A [p1 ; 2]. Then, we integrate out the quantum fluctu-
ations whose longitudinal momentum lies in a small slice just below these cutoffs. Thanks
to eqgs. (3.127) and (3.124), the leading logarithmic part of these quantum corrections can
be included simply by modifying the distributions WA§ [p1,2] according to the JIMWLK

equation. One must repeat this process until A* — 0, or at least until one has incorporated
in these distributions all the color sources that have longitudinal momentum larger than that
of the slowest of the gluons py,---,p,,. Finally, we end up with the following factorized
formula for the inclusive n-gluon spectrum, at leading log accuracy:

dNq, o ~
(), = J o xapestct

x Wipr (x ™, x )IWIB2(x ", x01 ] ((113,l

i

(3.128)

i

LO

As one can see, this formula provides a very simple generalization of our previous result for
the single inclusive gluon spectrum. It possesses a very striking property: since the product
of LO 1-gluon spectra in the integrand is independent of rapidity, all the rapidity dependence
of the n-gluon spectrum is contained in the evolved distributions of the sources {1 >. In other
words, all the rapidity correlations among the gluons produced in the collision are correlations
that pre-exist in the wavefunctions of the incoming projectiles. This simple result is valid
only for the collision of two densely occupied projectiles, and only at leading logarithmic
accuracy. New correlations that cannot be factorized into the distributions W arise if one
of the projectiles is dilute or if one considers next-to-leading-log terms. Note also that the
dependence on the rapidity differences y; —yj; between the measured gluons are no different
— they are also completely determined by the IMWLK evolution of the two distributions W.
This formula provides another example of the universality of the distributions WI[p] and of
the IMWLK evolution equation.

It is interesting to see in more detail how the rapidity dependence (or equivalently their x*

dependence) of the distributions of sources is transferred into the rapidity dependence of the
multi-gluon spectrum. The factor (dN;/d3p),, depends on the color sources py 2 (xF,x )
for 0 < xT < 1/p™ respectively. More precisely, the relevant quantity is the integrated color
charge in the strip 0 < xT < 1/p¥, since the factor (dN;/d3p),, depends on the color
sources only via Wilson lines along the x~ or x™ axis respectively. Therefore, if one sees
the functions 1 > (x¥,x ) as trajectories with x¥ playing the role of the time, the n factors
in the integrand of eq. (3.128) are sensitive to the integrated color charge along different
portions of these trajectories: the larger p* and the smaller the relevant extent in xT is.
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This also means that if pii ~ pji, then the gluons i and j are strongly correlated since the
corresponding factors in the integrand of eq. (3.128) see very similar integrated color charges.
On the contrary, two gluons with a wide separation in rapidity are less correlated, since the
corresponding factors do not probe the same integrated charge. The further separated in
rapidity they are and the weaker is the correlation, since the portions of 37 >-trajectories they
are sensitive to differ more and more (or equivalently overlap less and less).

3.4.4 Generating functional

All our results on the multigluon inclusive spectra at leading logarithmic accuracy can be
summarized in a simple generating functional. Indeed, the inclusive spectra are the functional
derivatives of the following generating functional at the point z(p) = 1,

= 1 ° dN,
ZO EJ [H d3pi (Z(Pl) - 1)] <d3p1 . d3pn >LLOg

i=1

Flz(p)]

= J[Dm (x7,x1)DF2(x ", x1)] WPt (x7,x 1 )IW[pa(x*t,x 1 )]

dN;

xeprdsp (a(p) 1) S

(3.129)
d3p

LO

An interesting feature of this generating functional is that the integrand is the exponential
of a linear functional of z(p), i.e. the generating functional of a Poisson distribution. The
logarithm of a generating functional tells us about the clustering properties of the produced
particles: if this logarithm contains a term z9, then there are clusters of q correlated particles.
Therefore, the fact that the logarithm of the integrand is of degree 1 indicates that the only
gluon clusters that exist in a given configuration of the sources p1 , are clusters of size 1. In
other words, gluons are produced independently of one another.

The situation is changed by the average over the configurations of p; 2, and In F[z] con-
tains terms z9 of arbitrary orders. Thus, the distribution of particles has some non-trivial
clustering, but it comes entirely from the correlations that pre-exist in the distributions of
color sources of the projectiles — not from the production mechanism itself. This is of course
due to the fact that the gluons are produced uncorrelated at leading order, and that the lead-
ing log part of higher order corrections —that bring correlations— can be absorbed into the
distributions W thanks to factorization.

3.4.5 Multi-point correlations of the energy-momentum tensor

If one sees the Color Glass Condensate as a framework to obtain initial conditions for the
hydrodynamical evolution of the matter produced in heavy ion collisions, then one must
calculate the value of the energy-momentum tensor on some surface of constant proper time
T. In the section 3.3, we have derived a formula (see eq. (3.125)) for the expectation value
of the energy-momentum tensor at a given point (n,x_ ), at leading logarithmic accuracy.
This result is sufficient if one wishes to perform a hydrodynamical simulation with an event
averaged initial condition.

However, this is insufficient in order to study fluctuations. Indeed, since the equations
of hydrodynamics are non-linear, solving them for an average initial condition does not lead
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to the same result as solving them for an ensemble of initial conditions and performing the
average at the end of the hydrodynamical evolution. The latter procedure is the correct one if
one wants to study the effects of fluctuations. Therefore, it is necessary to obtain multi-point
correlators of the energy-momentum tensor on a surface of fixed 7 :

<TH1V1 (T)n1 )xll_) e THnYn (T,Tlman_D . (3130)

At leading order, in a fixed configuration of the sources {12, this correlator is of order
(Q¥/g?)™ and is simply the product of the LO values of THY at the n points under con-
sideration:

n
[Tu]V] (T»nhxll) S THnYn (T»Tlman)]w = I_I-I-L%ivi (Tﬂh)XiU . (3.13D)
i=1

The right hand side of this formula is a product of n disconnected terms, each of them cor-
responding to one power of the energy-momentum tensor at LO. At Next to Leading Order,
there are two types of corrections. Firstly, one can pick up the NLO correction to one of the
n factors in the right hand side of the previous formula, while keeping the LO value for the
n — 1 remaining factors. The second type of correction is made of a gluon connecting two
points 1 and j. When both types of corrections are combined, one gets a simple generalization
of eq. (3.123) to the case of n points':

[THIVl (X] ) o THn VYR (Xn)]

NLO
| a3k
=13 Z J 2n)32x J d*S, d*s, [a_kna - Tu] [@ira - To]
A,a ¥
+Jd38u [B . Tu] 1‘[%1\/1 (x1) - .Tl%nvn (xn) . (3.132)

>

The relationship between the LO and NLO contributions to the n-point correlation of the
energy-momentum tensor is formally identical to that for the expectation value of TH" at a
single point. Therefore, by using eq. (3.124), we immediately see that the resummation of the
leading logarithms of the longitudinal momentum leads to the following factorized formula :

(T (mmyxan) - T (1, X)), =

= J [D§1 (Xi)xL)Df)Z(X+)XJ_)] W[§1 (Xiyxj_)]w[p’Z(XjL)xLH

X TL%IV] (T)Th )X1L) T TLL(;nVn (T)nn»an) . (3.133)

3.4.6 Generating heavy ion collision events

The formula (3.133) suggests a straightforward procedure in order to build a generator for
initial conditions for hydrodynamics. Note that the initial classical color field A*(Ttg,1,% )

19Let us mention here a subtlety in the proof of this formula. A technical step in the derivation requires that all
the components of the dressed Schwinger-Keldysh propagators be equal when the endpoints are the points where
the value of the energy momentum tensor are needed, e.g. G++(xi,%;j) = G+—(xi,%;). This is equivalent to a
vanishing retarded propagator between these pairs of points, which is true in the case of interest to us because there
is no causal connection between pairs of points located on the same proper time surface. However, eq. (3.132)
would not work for the calculation of a commutator such as [THY (x), TP (y)], since this object is non-zero only for
time-like intervals. See the section 6.4.3 for an example of computation of a correlator at a time-like separation.
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depends on the color charge distributions (57 > only via Wilson lines (37 > that integrate all
the sources that move faster than the comoving frame at the rapidity . Thus, if the label
1 denotes the sources moving in the +z direction and the label 2 those moving in the —z
direction, () integrates py from the rapidity y = m to the beam rapidity of the projectile
1, and Q) integrates P, from the (negative) beam rapidity of the projectile 2 to the rapidity
y = 1. For this reason, it is convenient to replace the functional integrations over the sources
P1,2 in eq. (3.133) by functional integrations over the Wilson lines themselves. In order to
do this, one needs the formulation of the JIMWLK equation that uses Wilson lines and group
Lie derivatives instead of the p’s themselves [87, 128].

With this in mind, the algorithm for generating such events can be sketched as follows:

i. Solve the IMWLK equations in order to obtain the probability distributions for the
Wilson lines Q1 ;.

ii. Pick two Wilson lines Q7 (n,x | ) according to these probability distributions.

iii. Solve the classical Yang-Mills equations with initial conditions built with these Wilson
lines. The classical solution must be evolved up to the time at which one wishes to
calculate the initial condition for hydrodynamics — typically T ~ Q.

iv. Ata proper time of the order of Q5 ', compute the energy momentum tensor T*Y from
the classical field A*.

v. Repeat steps ii-iv in order to perform the functional integration over (37 > by a Monte-
Carlo sampling.

The step i —solving the IMWLK equation— amounts to obtaining an ensemble of Wil-
son lines {Q7 >(n,x 1)}, given an ensemble of Wilson lines {Q1 >(no, X1 )} at a rapidity
close to the fragmentation region of the projectiles. This can be done by interpreting the
JIMWLK equation as a diffusion equation on the space of mappings from R? to the gauge
group SU(N), the rapidity 1 playing the role of the time in this diffusion process [87]. From
this formulation, it is possible to turn the IMWLK equation into a Langevin equation for
individual configurations Q1 > (1, % ) of the Wilson lines. Thus, each element Q1 > (10,% )
of the initial ensemble is the starting point of a random walk, and it is sufficient to look at
where these points have moved at a time 1) in order to obtain the ensemble of configurations
evolved at a different rapidity. This method of solving the JIMWLK equation has been im-
plemented by Rummukainen and Weigert in [88]. The approach of [88] has recently been
repeated independently in [89] and [90], and solving the IMWLK equation is now becoming
routinely doable in applications to phenomenology.
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Chapter 4

RHIC phenomenology

e now explore some of the consequences of the factorization results obtained in
the previous chapter, when applied to the description of high energy heavy ion
collisions. We consider only observables that are sensitive to the physics at early
stages of the evolution after the collision, and which are the least affected by the
evolution at later stages.

Let us try to characterize these observables. The color glass condensate can only make
predictions regarding the evolution of the matter produced in heavy ion collisions up to a
proper time of the order of T ~ Q5 '. Beyond this time, one must use another description
—e.g. some flavor of kinetic theory or of hydrodynamics— which is beyond the scope of
the CGC. Moreover, it is expected that the system evolves towards a state close to local
thermal equilibrium, which means that it loses memory of the details of its initial stages,
except for a few quantities preserved by conservation laws. Therefore, many observables are
unsuitable for the purpose of testing the predictions of the color glass condensate, since they
are irremediably lost in the thermalization process.

After a general discussion of the structure of the classical chromo- electric and magnetic
fields at early times, we will focus on two observables for which the CGC can make predic-
tions. The first one is the 2-particle correlation function, especially in the situation where
the two particles are separated by a large rapidity interval. Indeed, in this configuration, a
simple causality argument indicates that the correlation must have been created at early times
— making the observation of these long range rapidity correlations a very good probe of the
color glass condensate.

The second observable we shall consider is the multiplicity distribution in heavy ion col-
lisions. It has been observed experimentally that the multiplicity is well described by a neg-
ative binomial distribution, and we will show that this type of distribution is obtained quite
naturally in the CGC framework.

4.1 Glasma and color flux tubes

From the initial conditions for the classical color field on the forward light-cone, given in
egs. (3.31) and (3.32) of section 3.1.3, one can calculate the initial value of the chromo-
electric and chromo-magnetic fields [129]. One finds that the transverse components of both
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fields are zero at T = 0, while their longitudinal components are non-zero:

E'=B'=0,
E* = ig [‘A% (X))‘AE (X)} )
B* =igeY [A}(x), A, ()] , 4.1)

where €Y is the totally antisymmetric tensor in two dimensions, normalized to €'? = 1.
One sees that the non-zero components of these fields are proportional to commutators, and
would therefore be zero in an abelian gauge theory like QED. Indeed, it is well known in QED
that the gauge field inside the forward light-cone is simply the superposition of the two pure
gauge fields At and A} and is a pure gauge field itself — therefore, in QED the gauge field in
the forward light-cone does not carry any field strength and the corresponding components
of the electric and magnetic field are all zero. Physically, this means that no photon can
be produced' when two abelian Weizicker-Williams fields cross each other in the collision
process. In contrast, this is perfectly possible in QCD since gluons carry a color charge.

In order to go beyond T = O, one must solve the Yang-Mills equations numerically.
The results are shown in the figure 4.1. This numerical simulation confirms that all the trans-

Figure 4.1: Classical field components at early times. From [129].
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verse components vanish at T = 07, and shows that it takes a time of the order of Q;1
(the parameter g2y in the figure is equivalent to Qs, up to a factor of order one) for all the
components to reach values that are of comparable magnitude. Therefore, during most of
the period where the color glass condensate description is relevant, the chromo-electric and
magnetic fields are predominantly longitudinal. Another crucial property of these early time
fields is that they do not depend on the rapidity’ 1. Thus, one can picture this situation as
illustrated in the figure 4.2, where one has longitudinal color flux tubes — i.e. field configura-
tions where all the field lines are parallel to the collision axis. What determines the diameter
of these tubes is the correlation length of the color charges (1 > in the transverse plane. It has

Naturally, this is only true at this order of the expansion in the coupling constant. At higher orders, photons can
be emitted via a fermion loop.

2This property of invariance under boosts in the longitudinal direction is broken by the leading log quantum
corrections whose resummation has been discussed in the previous chapter. In particular, after one has resummed
the leading logarithmic corrections, the fields depend on the rapidity at which they are measured. However, this
rapidity dependence is significant only for rapidity variations of the order of An ~ oc;] or larger.
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Figure 4.2: Topology of the field lines shortly after the collision.

been shown [130] that in the CGC, the quantum evolution leads to a screening of these color
charges at distances 1 > Qg '. This is thus the effective diameter of the flux tubes. Such a
configuration of chromo-electric and magnetic color fields has been named glasma in [129],
a contraction of the words glass and plasma, justified by its position as an intermediate stage
between the color glass condensate that describes the wavefunctions of the incoming nuclei,
and the quark-gluon plasma that is formed later on.

It is also interesting to look in detail at the components of the energy-momentum tensor,
whose expression at leading order is

v = ]

" Zgwff“&ag — AV, 4.2)

By an explicit calculation [129], one can obtain analytically its value at the initial time T =
0,

E2+B
%xdlag(hhh—n. (4.3)
Naturally, this tensor is traceless, as expected for the energy-momentum tensor in QCD in a
classical approximation®. A remarkable feature of this tensor is that it has a negative longi-
tudinal pressure, and is therefore quite far from the situation one would need to have an ideal
fluid — where all the components of the pressure would be equal and positive.

v
TLO -

Note finally that this picture of color flux tubes has many similarities with the old string
description of hadronic collisions (see for instance [131-134]). Two things are new how-
ever compared to these old models: one has here a perturbative QCD-based description of
the dynamics of the collision, and there is also a chromo-magnetic field of the same mag-
nitude as the chromo-electric field (string models only have the electric component of the
field). Another essential difference is the diameter of a string in these models (typically,
T~ /\gcl, since the underlying dynamics was thought to be non-perturbative and related to
confinement), which is much larger than the diameter of a flux tube in the CGC (r ~ s",
where Qs > A,.,). To pursue the analogy further, one can also notice that the negative
longitudinal pressure in the glasma fields can be identified to a string tension, the parameter
that characterizes the energy per unit length of the hadronic strings. Moreover, in hadronic
string models, the string breaks via the production of qq pairs by the Schwinger mechanism.
One can prove [102] that in the CGC approach, the 1-loop corrections to the gluon spectrum

contain the Schwinger contribution to the production of gluon pairs.

3The Yang-Mills Lagrangian has an exact scale invariance. This implies that the energy-momentum tensor con-
structed from solutions of the classical equation of motion is traceless. This property may be broken by quark masses
and by running coupling corrections — both of which are effects that come into play at higher orders.
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4.2 Long range rapidity correlations

4.2.1 Rapidity correlations and early stages of the collision

Figure 4.3: Causal relationship between a pair of particles separated by a large rapidity interval.

detection

freeze out

latest correlation

In the introduction of this chapter, we have stated that correlations between particles can
only be produced at early times if the rapidity separation between the particles is large. This
is illustrated in the figure 4.3. There, a pair of particles A and B are detected with respective
momentum rapidities y, and y,. In heavy ion collisions, there is a freeze out time Tt
after which the particle density is too small to allow interactions. Therefore, between this
freeze out time and the time of their detection, the particles A and B simply propagate on
straight lines at constant velocity. Any event that had an influence on these particles must
be located inside a cone whose tip is the position of the particle on the freeze out surface,
and whose opening angle is determined by the speed of light. This cone plays the role of an
event horizon for the particle under consideration: any event located outside of this cone is
not visible to an observer comoving with the particle. Any event that induces a correlation
between the particles A and B must lie within the intersection of the event horizons of the
two particles. From the figure 4.3, it is straightforward to see that there exists a maximal time
for this intersection. Simple geometry tells us that this maximal time* is

Toax = Tro. € YA Ysl/2 4.4)

Note that one assumes in this argument that particles with a momentum rapidity y come from
a point of spatial rapidity 1 = y on the freeze-out surface. This is a good approximation
for a nearly boost invariant flow of the particles, since the local thermal motion blurs the
correspondence between 1 and y at most by an amount of order unity.

A reasonable estimate of the freeze out time for heavy ion collisions at RHIC energy
is Tr,o. ~ 10 fm/c. Therefore, if a correlation is observed between particles separated in
rapidity by [y, —y,| = 4, it must have been produced by an event that occurred at a time
T < 1.4 fm/c. For a separation [y, —y,| = 6, this limit would become T < 0.5 fm/c. One
sees the great potential that these correlations have in telling us something about the earliest

4Note that processes taking place before the collision —i.e. in the evolution of the wavefunctions of the
projectiles— can also be responsible for this kind of correlation, since they lie also inside the intersection of the
two event horizons.
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stages of the evolution after and/or before the collision’: because the rapidity interval enters
in an exponential in the above bound, the maximal time for the creation of the correlation
decreases extremely fast as one increases the rapidity interval.

4.2.2 RHIC data

Figure 4.4: 2-hadron correlations measured by the STAR experiment. From [135].

Au+Au central
3<p"9<4 GeVic

I
gol o ofae
. AT,

\\‘\‘02/';«;;, :
e

il

o
< =

Two-hadron correlations in heavy ion collisions have been studied in detail by three RHIC
collaborations: STAR [135-138], PHENIX [139] and PHOBOS [140]. A common observa-
tion in central collisions is the existence of long range rapidity correlations —that span at least
four units of rapidity— in conjunction with a fairly narrow correlation in azimuthal angle (see
the figure 4.4). This striking feature of the 2-hadron correlation function has been named the
ridge. The same measurement, when done in proton-proton collisions, shows only a narrow
peak centered at An = Ad = 0. Moreover, this peak is symmetrical in all directions, unlike
the elongated structure seen in nucleus-nucleus collisions. A similar ridge has also been seen
by the CMS collaboration [141] in proton-proton collisions at LHC energy. There, the cor-
relation is much weaker than in nucleus-nucleus collisions, and requires that one triggers on
high multiplicity events in order to be seen.

Note that there are two ways of performing this measurement: triggered or untriggered.
In the triggered measurement, one first selects a hadron that fulfills some criterion (usually
that its transverse momentum exceeds a given value), and then one looks at the distribution
of the other hadrons relative to the first one. In the untriggered measurement, one considers
all the pairs of hadrons in a given event. The ridge is observed in both measurements, but the
triggered correlation function displays in addition to the ridge a narrow central peak similar
to the one observed in proton-proton collisions. This narrow peak is interpreted as an effect
of jet fragmentation, and will not be discussed further here.

SThis is analogous to the way angular correlations observed in the Cosmic Microwave Background (CMB) pro-
vide us with information about what occurred at the time of inflation in the expansion of the early universe: this is
possible because points that appear far apart on the sky today have not been in causal contact since the inflationary
epoch.
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4.2.3 Qualitative explanation

First of all, as explained earlier, the measured long range correlation in rapidity can only be
explained by features that existed at very early times. This makes the color glass condensate
the most suitable place to look for an explanation of this structure.

Figure 4.5: Correlation between particles emitted at various rapidities in a single flux tube.

A crucial property of the glasma color fields is their independence with respect to rapidity
(at leading order). This translates into a correlation between particles produced at all rapidi-
ties. Consider for the sake of the argument a single flux tube (see the figure 4.5). This flux
tube is characterized by a certain chromo-electrical field E and magnetic field B, which have
the same value at all rapidities. Locally, the mechanism of particle production from classical
fields depends only on the value of these fields, which means that particles are emitted in this
tube with the same intensity at all rapidities, hence the correlation.

It is also easy to understand by the same qualitative argument how the strength of the
correlation varies with the centrality of the collision. For this, one needs to realize that there
is no correlation between the particles emitted from distinct flux tubes (see the figure 4.6).
This is because the color fields in two distinct tubes are not correlated — simply because our
definition of the diameter of a single flux tube is precisely based on the color correlation
length in the transverse plane. Therefore, a given pair of particles exhibits a correlation only

Figure 4.6: Particles emitted from separate flux tubes are not correlated.

ox

if they come from the same flux tube. The total number of pairs in a given event scales like
the square of the transverse area S | ,

Nall pairs X Szl ) (45)

while the number of pairs coming from the same flux tube is the total transverse area (the first
particle in the pair can be produced anywhere) multiplied by the typical area of one flux tube
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(since the second particle has to be in the same tube as the first one), i.e. Q5 2,

Nsame tube X SJ_ Qs_z . (46)
Therefore, the CGC prediction for the strength of the 2-particle correlation normalized by the
square of the particle yield is

Correlation 4.7

1
S1Q¢?
At this point, we have a natural explanation for the existence of a long range rapidity
correlation, and an estimate for its strength. However, as one can see in the figure 4.5, one
would naively expect this correlation to be flat in the azimuthal angle difference A¢. Indeed,
on the average, flux tubes emit particles isotropically in ¢. Therefore, there should not be a
preferred direction of emission of one particle in the pair relative to the second particle. The

Figure 4.7: Collimation in azimuthal angle due to radial flow.

collimation in A¢ of the 2-particle correlation has a natural explanation from the evolution
of the system at later stages®. It is important to recall the existence of a non-zero transverse
pressure gradient in the system, whose effect is to push the matter outwards — a phenomenon
known as radial flow. The fact that the matter is flowing radially outwards is what collimates
the correlation in Ad, as illustrated in the figure 4.7. Indeed, the spectra of particles emitted at
two rapidities from the same tube are both collimated in the same manner (here, we assume
that the radial flow velocity v, depends only weakly on the rapidity). Therefore, after the
radial flow has developed, there is a greater probability to find two particles emitted from the
same tube with nearby azimuthal angles.

4.2.4 Semi-quantitative description

After having seen that the color glass condensate framework offers a natural explanation for
the ridge structure observed in 2-particle correlations in high energy heavy ion collisions, let
us now turn to a semi-quantitative calculation of the effect. The main result of the section
3.4 tells us that the 2-particle inclusive spectrum, at leading logarithmic accuracy, reads (see
eq. (3.128), applied here for n = 2):

dN; o ~ ~ dN;
<dgpdgq>mg = J [Dp1Dp2] WIp1IWIp,] Tp

dN;

X ﬁ 4.8)

LO LO

SNote that this is not in contradiction with the causality argument developed earlier in the chapter. Only the
correlation in rapidity needs to be produced by some very early time process. The correlation in azimuth can be
created at any time.
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Note that the interesting quantity to discuss the ridge is not the 2-gluon spectrum itself, but
the correlated part defined as

_/ dN, _/dN; dN;
Clp,q) = <d3p K q>mg <d3p > <d3q > . (4.9)

At this point, the only way to pursue the calculation without making further approximations
is numerical [142]. This involves solving the JIMWLK equation in order to obtain the distri-
butions W[p1 >] and solving the Yang-Mills equations for fixed sources pq » — both of which
are quite challenging in practice (in [142], only the latter was done exactly — the distributions
W where taken from the MV model rather than from solving the IMWLK equation).

It is however possible to perform a simple approximate analytical calculation in order
to assess semi-quantitatively the effects that lead to the ridge. For this, let us assume that
Ipl,lql > Qs. In this regime, non-linearities in the solution of the Yang-Mills equations
become small and it has a simple analytical form in terms of (7 ;. In addition, to avoid
the complications associated with solving the JIMWLK equation, we simply disregard the
effects of quantum evolution and use the McLerran-Venugopalan Gaussian model for the
distributions of p7 . In this large momentum approximation, the Fourier transform of the
classical gauge field is

_igfePe [ dik, Prv(ky) pac(py — ki)

AL () =2 J o LK) S SR

(4.10)

where L* denotes the so called Lipatov effective vertex. Here, we won’t need the components
of this 4-vector — the only properties we will use are

Lu(pvkL) = L“(I%PL—kL)»

2 _ 2
Lk Lulp k) = —astPL s, @.11)
1

When inserted in the formula for the single particle spectrum, and after summing over the
polarization and color of the produced gluon, this result leads to

AN d%k, d21
o - _ngabCfadeJ L L, k) Lu(p, L)

LO
thb(kﬂ P2c(PrL — ki) Pralle) Pze(pr — 1)
K2 (pL—kui)? 5 (pL—11)?

(4.12)

for a fixed configuration of the color sources {1 >.

The next step is to insert this formula into eq. (4.8) and to perform an average over the
sources P12, using the Gaussian distribution of the MV model (see eq. (1.15)) as a simplify-
ing assumption. In the MV model, the average of a functional of §; > amounts to perform all
the possible pairwise contractions, with the following elementary building block

(Pra(ki)p1v(lL)) = (2m)28(k1 +11)8ab g2, (4.13)

where p? is the only parameter in the Gaussian distribution. The saturation scale Q; is related
to u? by Q3 ~ g*p?.
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Figure 4.8: Trivial color connection. This type of connection between the sources leads to a non
correlated contribution to the 2-gluon spectrum.
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In eq. (4.8), we must perform Gaussian averages of an expression that contains four pow-
ers of Py and four powers of p,. Since this requires to make all the possible pairwise links
among four factors (both for p; and p;), there are three possibilities for p; and three possi-
bilities for P, hence 9 terms in total. One of these terms is trivial, illustrated in the figure
4.8, since it is a disconnected contribution that has no correlation between the two produced
gluons. This term therefore does not contribute to C(p, q).

Of the remaining 8 terms, four give identical leading contributions in the region where
[p.l1q. ] > Qs. Two of these terms, as shown in figure 4.9, have a topology such that a
single source in the amplitude is attached to the two produced gluons’. Note that the sources
on opposite sides of the cut may be localized at different transverse positions. The other

Figure 4.9: Two gluons are emitted from the same source line in the amplitude and likewise in
the complex conjugate amplitude. This emission however occurs at different spatial positions
for the sources, which are localized in a transverse area of size Qg '. There is an identical
contribution with p1 < 2.
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two terms with leading contributions have the structure of an interference graph depicted
in figure 4.10. Of the four remaining terms, two are suppressed respectively by additional
powers of pf or qI] and two give d-function contributions for p;, = *q . The delta
function terms are also suppressed relative to the terms we keep at large p and q .2

An explicit calculation of the four leading contributions gives the following result for the

7One may characterize this contribution as single diffractive, however this denomination is misleading here since
we are computing an inclusive spectrum and therefore the unmeasured gluons produced along with the two tagged
ones most likely prevent the appearance of a gap between the projectile and the measured gluon.

8Moreover, they would give a contribution not localized in the transverse coordinate, so that they would give a
flat background once flow effects are included.
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Figure 4.10: Interference contribution in which the transverse positions of the participating
sources are exchanged in the complex conjugate amplitude for P> while they are the same
for p1. There is an identical contribution for p1 < p3.
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2-gluon correlation in the Color Glass Condensate approach:
Si (g°w)® mNZ(NZ —1)
Cp,a) = 5 9 L Tete” U
(2m)° ¢* Q¢ Iplalpi qf

where S| is the transverse area of the interacting region (i.e. simply S| = 7R? for a central
collision of identical nuclei). The Q2 in the denominator arose from the regulation of an
integral that diverges in the infrared, for which a cutoff at the scale Q¢ was introduced by
hand’. As a consequence, the numerical prefactor in C(p, ¢) is somewhat uncertain. Note
also that the factors |p||q| in the denominators are there due to our choice of using d>p as the
I-particle measure instead of dypdzp | (Ipl is the Jacobian that converts one measure into
the other). The relation of g% to Q can be quantified numerically by computing Wilson line
correlators in the nuclear wavefunction. A careful comparison [114] (see also [143]) gives
Qs ~ 0.57 g?u. It is instructive to express the result in eq. (4.14) in terms of the inclusive
single gluon spectrum. This is given by the Gunion-Bertsch formula [144], and has been
computed previously in the CGC framework [103—-105, 145] to have the form

(4.14)

N N (N2 —1
<d31> Si (g? 5) el c4 ) In (PL) (4.15)
#p/ 4t g Ipl p Qs
Therefore, up to logarithms that we do not control in eq. (4.14), we can write:
K dN] dN]
= 4.1
clp) = 5 () (2 w10

with a numerical constant k ~ 4. The quantity which is measured experimentally [146] (and
displayed in the figure 4.4) is

Ap < dNy >
=Clp Q) T 17
P T ()
Parametrically, one can write
dN;
- — 4.18
< dy > Ks LQS ’ ( )

°In the McLerran-Venugopalan model, the only natural infrared cutoff is at the scale set by the nucleon size, i.e.
at A,. However, it has been shown [130] that quantum evolution leads to color screening at transverse distances

of the order of Q5. We have implemented this feature of the CGC by hand here.
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with K’ ~ 0.075 for an SU(3) gauge theory. Therefore, one gets

A K
P _On (4.19)
vV Pref Ks

with K, &~ kk’ & 0.3. Note however that our computation was performed for large momenta
Pi,qL > Qs while we are interested in the p,q1 < Qs region. While we expect the
structure of eq. (4.19) to be quite robust, as mentioned earlier, we cannot trust the accuracy of
this prefactor. We will therefore only assume it is a number of order unity to be determined
by a more accurate numerical computation.

This relationship is basically a consequence of dimensionality: the correlations are due to
a classical effect and there is only one dimensional scale which characterizes the Glasma. The
expression in eq. (4.17) is very interesting because it is independent both of the rapidities'’
Yp and yq of the particles as well as of their azimuthal angles ¢, and ¢4 respectively. It
confirms our picture of flux tubes of transverse size Q3 ' stretching between the two nuclei
(as shown in figure 4.5) and emitting particles isotropically, with equal probability along their
length. This is not the full picture though. In the high parton density environment created in
central heavy ion collisions, the pressure created by interactions among those particles has a
gradient that leads to collective radial flow. The particles emitted by the Glasma tubes will
also experience this collective flow. As we shall now discuss, this collimates the relative
azimuthal distribution of the pairs.

Figure 4.11: Notations for the azimuthal angles.

y

We define the particles azimuthal angles ¢, ¢ with respect to the radius of the point
of emission (see the figure 4.11), and we denote (, ¢ = —In(tan(dp,q/2)) the pseudo-
rapidities of the particles in the radial direction. It is important to note that the two particles
will experience the same radial boost since they are localized within Q' of each other in
the transverse plane—indeed, they come from the same flux tube, and we assume that the
radial flow velocity does not depend on rapidity. Expressing the angular distribution (which
is independent of ¢, and ¢ ) in terms of these variables, and boosting it in the direction of
radial flow, one obtains'

1 Boost 1

cosh((p) cosh(Cq) — cosh(Gp — ;) cosh(Cq — Cy)

C(p,q) (4.20)

19Quantum corrections, not considered here, will introduce a modest dependence on rapidity over scales Ay ~

oy .
"'"The hyperbolic cosines in the denominator come from the Jacobian of the change of variables ¢ — (.
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Here, (, is the rapidity of the radial boost and is given by tanh({,) = v,, where v, is the
radial flow velocity. Defining ® = (¢, + ¢q)/2, AP = ¢, — by, and re-expressing the
boosted 2-gluon distribution in terms of @ and A¢, one can re-write eq. (4.17) as

Ap B KiN cosh (p, cosh (g
v/ Pref B Xs COSh(Cp - CB ) COSh(Cq - CB) '

421

Substituting cosh {, = 1/ sin ¢}, and sinh {, = cos ¢, / sin ¢, we finally obtain

J+7‘[dq) Ap _
—7t 27 v/ Pref

+7T
K] 4o
B [cosh —cos((DJr%) sinh | [ cosh ¢, —cos(@—%) sinh (| .

—TT

(4.22)

The integral over @ leads to the following result for the 2-gluon correlation, averaged over
the mean angle @

< Ap > Ky cosh ¢, 423)
VPt / ¢ s cosh? ¢, —sinh® ¢, cos? A2 .

In the particular cases of Ap = 0 or A = m, the results are

Ap K
AV pref( d) ) Kg "
A Ap—m = K1 (4.24)

where v, = cosh (, is the y-factor of the radial boost. Hence, the amplitude of the peak,
relative to the pedestal, is given by

A="(v,—v, ). (4.25)
Ks
Thus, we see clearly here that there is a collimation in A¢ of the 2-gluon correlation, caused
by the radial flow.

From blast wave fits to the RHIC data, the PHENIX collaboration [147] has extracted
the average transverse velocity (v;) as a function of the number of participants in a heavy
ion collision. To estimate the centrality dependence of the coupling'?, o5 (Qs ), we note that
the square of the saturation momentum is Q2 ~ 1-1.3 GeV? for central Au+Au collisions
at full RHIC energy, decreasing like N;a/r? [148, 149] towards peripheral collisions'. The
magnitude of A in central collisions fixes K, ~ 0.1, in the ballpark of our naive earlier
estimate. The resulting A(Np.y) is compared to preliminary STAR data in the figure 4.12,

which shows a fairly good agreement with RHIC data.

12We determine the running coupling from the one-loop QCD B-function with o = 11N —2N; = 27, assuming
/\QCD ~ 200 MeV.
3The dependence of Q§ on centrality is in fact more complex (we refer to refs. [113, 150, 151]) but the simplified

form Q2 ~ N!/3

part 18 sufficient for the present purposes.
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Figure 4.12: Evolution of the amplitude of the ridge (peak at A¢ = 0 relative to pedestal at
A = ) with the number of participants.
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Figure 4.13: Angular correlation function for three different radial boost rapidities (, .
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The angular width of the correlation function is not reproduced very well by the simple
radial boost model; the integral from eq. (4.22), without any prefactors, is shown as a function
of A¢ in the figure 4.13. The width narrows to ~1 radians only for boost rapidities ¢, =~ 2,
corresponding to large boost velocities <vr> > 0.9. To improve the agreement with the
measured angular distributions one may also need to account for the absorption of high-p |
particles by the medium [152]. Let us also mention the work of [153], where a much better
agreement is obtained via a more realistic modeling of the radial flow.

4.2.5 Rapidity dependence

So far, we have only evaluated the 2-gluon inclusive spectrum at leading order, where all
the fields are independent of rapidity. This crude approximation leads to a correlation that is
infinitely long ranged in rapidity. In order to get the rapidity dependence of the correlation
function, one needs to take into account the rapidity evolution of the distributions W/[p1 »]
when evaluating eq. (4.8).
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In eq. (4.8), the sources 7> are both dependent on the transverse position x| and on
the rapidity y. However, the factors dN7/d>p and dN7/d3q under the integral depend on
the color sources only locally in rapidity, i.e. near y, and yq respectively. Let us denote by
Py ,(x 1) and p} ,(x ) these sources (these sources are functions that depend solely on x | ).
Ed (4.8) can be rewritten as

dN; D e T . a -
<d3pd3q> - J [DAYDpYDpEDA] Zy, .y, 107,071 Zy,,y, (03, B5]
LLog
dN;[pY ,] dN; [p] 5]
: 4.26

LO LO

where the double distribution Zy,, [pP, p9] is the combined probability to have the source
PP (x 1) at the rapidity y, and the source §9(x ) at the rapidity y4. We have written the
arguments for the factors dN/d3p and dN7/d3q, to stress the fact that they depend only on
the sources located near the rapidity of the produced gluon. The double distribution Zy .
is related to the distribution W] of eq. (4.8) via the formal relation:

Zy, y, 107,09 = J [Dp(y,x1)] WI[p] 8[p(yp,x1)—pP (x1)18[p(yq,x1)—p9(x1)] .
4.27)

In other words, Z,, [P, p9] is obtained by summing over all the rapidity dependent {’s,
with the constraints that § takes specific values §P and g9 at the rapidities y, and y4. There
are two limiting behaviors of the double distribution Z, [pP, p9], that correspond to com-
pletely correlated or completely decorrelated sources at the rapidities y;, and ygq,

Zy, y, o709 = Zy, [pP108[p7 —pY] (complete correlation) ,
Zy, y P70 = Zy, [pP1Z,,[pY] (complete decorrelation) . (4.28)

The first case is what was implicitely assumed in the study of the ridge in the previous sec-
tions, where we neglected the evolution of the sources between the rapidities yp and yq.
The second case is what happens if the evolution is very important between the rapidities yy,
and yq4. In this case, the 2-gluon spectrum factorizes into the product of two single gluon
spectra, and there will be no correlation between the two gluons. Our goal in this section is
to quantitatively assess how one goes from the first to the second situation.

From eq. (4.27), it is easy to check that Z, ,,, can be factored into a single distribution
for pP and a propagator for the IMWLK evolution from y,, to y4 (assuming Yy, < Ygq),

Zy, 107,09 = Zy, [pP1 Gy, y, [B7, P, (4.29)
where
Z, [pP) = J Doy, x.)] WIo] 8[6(ypyx1) — pP(x. )], (4.30)
and
aUq GUPqu [ﬁp’ f)q] = :qu Gypqu [ﬁp) ﬁq] )
lim Gy, .y, P70 = 38[p" —p9]. 4.31)
Yg—(yp)t



The propagator Gy, ., [pP, p9] can be used to relate the single source distributions at two
rapidities, e.g.

Z,,[p9] = j[DﬁP] Zy, (%] Gy, . 167,59 . 4.32)

Arguably, determining Z,,, [pP] and the propagator Gy, .y, [p7, p9] is as difficult as solv-
ing the JIMWLK equation. However, this formulation is convenient in order to use the large
N limit and replace the IMWLK equation by the Balitsky-Kovchegov equation [84-86].
In this approximation, all the rapidity evolution is reduced to that of a 2-point function (the
dipole amplitude), and higher-point functions are assumed to factorize as products of 2-point
functions. Thus, the single distribution Z,[pY] is a Gaussian in the BK limit,

<yl _ 71J 2 2 Pal(x1)pd(y.)

Zy[pY] = exp [ > d*x,d%y, Zyx v’ (4.33)
where the function p?(y;x, —y ) determines the correlations between sources at different
locations in the transverse plane, at a given rapidity (here we assume translation invariance in
the transverse plane, in order to write it as a function of the difference x; —y ). Since the
distributions Z,, . in eq. (4.32) are both Gaussians, the propagator G, y,, should itself be
a Gaussian,

D ~ 1 Apa(x1)APa(y )
G P 5d] — —— | a%®x, d? 4.34
yp»yq[p y P ] eXp|: ZJ X1 yJ_ AHZ(XL_UL) ) ( )
where we denote
Ap(xy) = p9(xL)—pP(x1)
Apt(ri) = P (Yqri) =1 (Yp,Ti) - (4.35)

We can already see in the form of this propagator the effect of the rapidity evolution of the
sources, namely the progressive spreading in §9—pP asyq—Yyy increases. This is reminiscent
of the fact that the JIMWLK equation can be interpreted as a diffusion equation in p-space,
with the rapidity playing the role of a time variable.

Thus, in the BK approximation, all one needs to determine is the rapidity evolution of the
function u?(y,r ) (there are in fact two such functions, one for each projectile). In more
detail, the steps to perform in order to compute the rapidity evolution of the 2-gluon spectrum
are the following:

i. choose an initial condition for the dipole amplitude T(yp, T ) in a nucleus at a rapidity
close to the fragmentation region, e.g. from the McLerran-Venugopalan model,

ii. solve the BK equation,
0yT(y,ry) = szfu Xri;ri,ral) [T(U,ru) +T(y,7r21)

Ty ) =TTy, r0)|, @36)

where 12, = r; — 17, and where the kernel X is given by

asNe 13

—_ = 4.37
22 r3 v .37

Kriri,r)=
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in the fixed coupling case and by

os (12N r2
Kirri,r) = +(r1) C{ L

2m2 r3 v
1 roag(r2)) 1 ra(rd))
b (SO gy (Z Ly 4.38)
rﬁ(ocs(rél) ) rél(ocs(rﬁ) ﬂ

in the running coupling case (we adopt Balitsky’s prescription'* here [160, 161]),

jii. extract the function p?(y, r_ ) from the solution of the BK equation, compute the single
distribution Z,; at the lowest of the two rapidities Yy, q and the propagator Gy, .,

iv. insert these distributions in eqs. (4.29) and (4.26), and use eq. (4.12) for the single
gluon spectrum. All the integrals that need to be performed are Gaussian integrals, and
can be computed analytically.

Note that the steps i,ii,iii must be performed for each of the two projectiles in case they are
not identical.

Figure 4.14: Unintegrated gluon distribution in the adjoint representation at rapidities Y =
0,2,6,10,15 (from left to right) in the fixed coupling and running coupling cases (with
Balitsky’s prescription in the latter case).

14 Initial Condition
Running Coupling
12+ Fixed Coupling ======- 1

In the figure 4.14, we plot the result of solving the BK equation for a 2-point function
closely related to the dipole amplitude, namely the unintegrated gluon distribution (i.e. the
Fourier transform of the dipole amplitude, up to a prefactor). We see that it has a peak that
shifts to higher momenta as the rapidity increases, which is a consequence of the increase of
the saturation scale with rapidity. This increase is slower if one uses the running coupling
BK equation instead of the fixed coupling one, and there is a lot of data from Deep Inelastic
Scattering indicating that the former indeed provides a better description.

The rapidity dependence of the ridge obtained in this approach for RHIC energy is shown
in the figure 4.15, and compared to a measurement by the PHOBOS collaboration [162] (that

14For other prescriptions, see [154, 155]. See also [156—159] for a discussion of numerical solutions of the BK
equation using various prescriptions for the implementation of the running coupling.
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Figure 4.15: Comparison with data from the PHOBOS collaboration [162]. The curves shown
are the sum of our result for long range rapidity correlations in the PHOBOS acceptance
and of the short range jet correlation obtained using PYTHIA.
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covers 6 units of rapidity). To our calculation, we have superimposed a short range contribu-
tion to the rapidity dependence of the correlation, due to jet fragmentation (dotted curve in the
figure 4.15). This contribution is not contained in the present approach, and has been taken
from the PYTHIA event generator. The Gaussian spreading of the propagator Gy, ,, [pP, p]
due to the JIMWLK diffusion in p-space leads to a decorrelation when the rapidity separation
between the two tagged hadrons becomes large. However, this is a slow effect, that requires
a rapidity interval parametrically of the order of ;! to produce visible deviations from a flat
correlation. Over the range of An covered by the PHOBOS measurement, the predicted long
range rapidity correlation is almost flat, in good agreement with the data outside of the region
|An| < 1 dominated by jet fragmentation. In order to see deviations from this flat behavior,
one would have to perform the measurement at a larger rapidity difference, which unfortu-
nately is impossible at RHIC due to a limited acceptance. Also interesting but presumably
equally beyond the reach of RHIC experiments is the fact that the correlation function is not
mirror symmetric around An = 0, unless the trigger particle is taken at mid rapidity. The
amount by which it is skewed when the trigger is not at mid rapidity is also a prediction of
the BK equation. Finally, we close this section with the same calculation at LHC energy,
whose results are displayed in the figure 4.16. Note that there, we have not superimposed the
short range correlation due to jet fragmentation.

4.3 Multiplicity fluctuations

Another interesting observation [163—166] has been made in high energy hadronic or nuclear
collisions, that has a natural explanation in the glasma flux tube picture: multiplicities of
charged particles in high energy hadronic collisions are well described as a negative binomial
distribution. Similarly, multiplicity fluctuations at RHIC have been found to agree with the
negative binomial distribution by the PHENIX collaboration [167, 168].

Let us first recall here that a negative binomial distribution is a two-parameter distribution
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Figure 4.16: Prediction for the 2-gluon correlation at LHC energy, for two gluons of transverse
momentap = (1 = 2 GeV, as a function of the rapidity separationyq — Yp. The trigger
gluon rapidity Yy, varies from 0 to —4.5. The dashed parts of the curves involve one or
more gluon distribution at large x > 0.01, while for the solid portions all the distributions
are probed at small x < 0.01. Some curves have been scaled by the indicated factor for
clarity.
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defined by the following probability law

nyLk
o Ik +n) (m)"k (4.39)

T TKIT(n+1) ((n) + k)ntk?
where I'(n) is Euler’s gamma function (for integer arguments I'(n) = (n — 1)!). With these
notations, (n) is the mean of the distribution, (n) = > | NPy, and k is a parameter that
controls how different the distribution is from a Poisson distribution. It is easy to check that
one recovers a Poisson distribution in the limit k — +o0, while holding (n) fixed:
NB <Tl>n

lim P, =" ™, (4.40)
k—+o0 n!

At any finite and positive k, P,Nf is wider than the Poisson distribution of same average. For
instance, its variance,
2

o = () — () =y 2
is larger than that of a Poisson distribution, namely (n). Another related difference between a
negative binomial distribution and a Poisson distribution is how the tail behaves when n — oo
(at fixed (n) and k). In the Poissonian case, this behavior is dominated by the factorial n! in
the denominator, and thus the tail decreases faster than any exponential of n. In the case of
the negative binomial distribution, the behavior of the tail is dominated by ((n)/({(n) +k))™
(up to some corrections that are polynomial in ), and therefore decays much slower than the
tail of the Poisson distribution.

(4.41)

A very useful object in calculations involving a negative binomial distribution is the gen-
erating function for the probability law,

+o00
NB 1
Folz) =) 2"P, = T ) (4.42)
n=0

— -1k
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Conversely, the generating function of a Poisson distribution is Fp(z) = exp((n)(z —1)).
The fact that the negative binomial distribution has a much wider tail than a Poisson distri-
bution is linked to the fact that the radius of convergence of F,(z) is finite, while that of
Fpoisson (2) 1s infinite.

Another way to characterize a negative binomial distribution, that we are going to use
later here, is via its moments. Let us consider the factorial cumulants,

d91nF,(z)

connected )
dzd z=1

mg=(nn—1---(n—q+1)) (4.43)
where the subscript connected indicates that we subtract the disconnected contributions to the
moment of order q, that depend only on the lower order moments. A simple calculation tells
us that in the case of a negative binomial distribution, the moments m4 read

.

> (4.44)

mg =k(q—T1)! [

After these preliminaries, let us show how a negative binomial distribution emerges natu-
rally in the glasma flux tube picture. In line with the approximations made in the calculation
of the 2-gluon spectrum (see the previous section), let us focus on counting only particles
with a transverse momentum p ; larger than some cutoff A > Q. Since we chose the cutoff
A to be larger than the saturation scale, it is legitimate to approximate the spectrum as in
eq. (4.12) where we keep only the lowest order term in P71 7. Using eq. (4.15) and integrating
it in the range |p | | > A leads immediately to the first moment

SIAY (g2p)* Nc(NZ—1) A
m :<n>: 4703 92 A2 In @ )

where AY is the size of the rapidity interval in which we count the gluons (there is no rapidity
dependence of the spectrum in the MV model, therefore we can factorize AY in front of the
integral).

(4.45)

In order to obtain the moment m, we must now generalize the method of the previous
section in order to perform the average over Gaussian distributions of sources of q factors
such as eq. (4.12). In order to do so, we introduce in the figure 4.17 a convenient graphical
representation for the one-gluon production amplitude, that emphasizes the sources p1 > that
must be connected in the process of averaging over the sources. For each produced gluon,

Figure 4.17: Compact notation for the fundamental building block, the one-gluon production
amplitude.

there are two such building blocks: one in the amplitude and one in its complex conjugate.
Therefore, in the calculation of the moment mg, there are 2q such blocks, as illustrated in
the figure 4.18. The Gaussian average over the sources amounts to connecting pairwise the
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Figure 4.18: Diagrams that have to be contracted into a single connected graph.
h h

green dots among themselves, and the red dots among themselves. Note that since myq is
defined by subtracting the disconnected contributions, we must pair the 2q sources p; and
the 2q sources fp; in such a way that we get a simply connected graph at the end.

In addition, we should discard the terms that are suppressed by powers of Qﬁ//\z, since
we have assumed that A > Q. In fact, this requirement selects a very special set of con-
nections among the sources. In order to see this, compare the figures 4.19 and 4.20. In the

Figure 4.19: Contraction contributing to the dominant correlation, building block of rainbow
diagram.
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Figure 4.20: Contraction contributing to a subdominant correlation, non-rainbow diagram.
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figure 4.19, we have connected the pq’s from matching amplitudes and complex conjugate
amplitudes. This constrains the momentum flow in the graph in such a way that there are four
gluon propagators with the momentum k, two of which are compensated by the momentum
dependence of the Lipatov vertices attached at the endpoint of these propagators. Thus, the
integration over k is of the form

2
Jd ky 1 (4.46)

4 T2

ki Qs
The infrared divergent integral over k is a sign that multigluon correlations are sensitive to
the transverse size over which the color sources are correlated, i.e. Q3 '. This is why the

glasma flux tubes are the relevant entity when discussing these correlations. On the other
hand, in the figure 4.20, there are only two propagators carrying the same momentum, which
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means that the integrals have at most a logarithmic sensitivity to the scale Q5. Overlooking
these logarithms, the momentum integrals are typically of the form

d?k 1 1
2 2 S <oz
(P1L— k)2 (par — ki) A Qs
Thus, the source connection pictured in the figure 4.20 leads to a suppression by a factor
Q2/A? compared to the contribution of figure 4.19. In order to avoid this kind of suppression

completely, one must connect all the §;’s (or all the p,) in a rainbow-like manner, as shown
in the figure 4.21. Then, one needs to connect all the p’s pairwise. In order to do so, it is

(4.47)

Figure 4.21: Rainbow diagram.

convenient to introduce an even more compact notation that hides the details of how the p;’s
are connected, as illustrated in the figure 4.22. We have g such objects, totaling 2q sources

Figure 4.22: Dimer notation for rainbow-like links.

=o—z}—o

P2, and we must connect them pairwise in order to make a simply connected graph. The first
end of the first dimer can be connected to 2q — 2 other loose dimer ends. Let us assume it is
connected to dimer . The second end of dimer r has 2q —4 loose ends available — indeed, we
cannot connect it to the first dimer as this would immediately create a disconnected subgraph.
The only possibility is to make a loop by chaining all the dimers together, as shown in figure
4.23. There are (2q —2)(2q —4)---2 = 297 1(q —1)! possible ways of making such a loop.

Figure 4.23: Connected diagram in the polymer notation introduced in Fig. 4.22

Remembering that we can form the rainbow either with the p’s or with the p,’s, we finally
arrive at 29(q — 1)! topologies.
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The color structure can be simplified in as follows. Let us denote the color indices of
the sources i = 1... q contracted on the upper side of the diagram in the figure 4.21 by a;
(because of the rainbow structure of the connections on the upper side, we do not need sepa-
rate indices for the sources in the complex conjugate amplitude), the color index of the gluon
with p; by b; and the color indices on the lower side of the diagram c; (source connected
to gluon p; in the amplitude) and c’ (in the complex conjugate). Now the color structure is
farbicipaibic] | fagbacqfaabecq — (C,)951¢1 5% C, = N, is the Casimir of
the adjoint representation of SU(N.). The {c;, ¢/} indices must now be contracted pairwise
into a single loop as in the figure 4.23, which yields a factor tr(1,4) = N2 — 1, making the
total color factor (N.)9(N2 —1).

Let us then turn to the structure of momentum flow in the diagram. Transverse momen-
tum is conserved at the vertices and in the sources connections due to the expectation value
in eq. (4.13). Altogether there are originally 4q transverse momentum integrals from the
powers of the sources. There are 2q delta functions from the source correlators (4.13) and
2q momentum conservation delta functions from the three gluon vertices. Not all these delta
functions are independent: two of them end up having the same argument, yielding one factor
(271)26(0) that we interpret as the transverse area S| . Therefore, there is only one remain-
ing transverse momentum integral. One can choose this remaining momentum to be the one
circulating in all of the lower part of the diagram, which we shall denote by k (this is the
momentum that circulates along the loop in the figure 4.23). On the rainbow side of the
diagram there is a squared propagator 1/(k, — p;, ) for all the sources i = 1...q. On
the non-rainbow side the transverse momentum in all the propagators is the same, giving a
factor 1/ kiq. Half of these propagators are cancelled by the squares of the Lipatov vertices,
which also contribute an inverse square of the external momentum. Combining the combina-
torial factors from the source averages, the propagators, Lipatov vertices and factors from the
invariant measure, we finally get

dNg > (N¢)
=29{q-1)!
<dy1d2pu...dyqd2pqL conn (P11

q —
)2 (pg
d2k 4. 2\ 4 4 2
xj é(gg) (g7n7)" . (448)
(27) k1 (P11 — k)2 (PqL — K1)
This general formula also reproduces the result of [103, 105, 145] for the single inclusive

spectrum case q = 1; in this case the combinatorial factor in the square bracket must be
taken to be 1 instead of 2 to avoid double counting the only contributing diagram.

1S, 1 249
)2 g% (2m)a

(N2
2

The weak source result in eq. (4.48) is infrared divergent in the MV model (i.e. when
g*u? is independent of momentum). Physically, this is modified by several effects. Even in
the weak field limit, BK or BFKL evolution leads to an anomalous dimension 0 < y < 1 that
changes this constant into

M2 (k) ~ K20 (4.49)

in the geometric scaling region k; = Qs. Moreover, deep inside the saturation regime it has
been argued in [130] that the correlator effectively behaves as

g*u? (k) ~ k7T . (4.50)

And ultimately, the infrared behavior of the multigluon spectrum is regulated by the nonlinear
interactions that are not included in our present computation. This is seen explicitly and
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analytically in the proton-nucleus case [18, 119, 169] and in numerical computations of the
glasma fields in the fully nonlinear case [20, 23, 26]. Since the full nonlinear dynamics is
known to regulate the infrared behavior in the case of the single gluon spectrum, we have
strong reasons to expect that they will also do so in the case of multiple gluon production, at
the same scale k; < Qs. An essential point in this argument is that the quantity appearing in
eq. (4.48) is not a single color charge correlator divided by a large power kiq, but the same
combination g*p?/ ki that appears in the single inclusive gluon spectrum raised to the power
g.

The effect of saturation on the multigluon spectrum at k; < Qg has a very intuitive in-
terpretation in the glasma flux tube picture. The transverse size of a flux tube, Q7', is the
correlation length of color charges in the transverse plane and we should not have contribu-
tions from longer distance scales. We effectively take this into account by regulating all the
infrared divergences at the scale Qg, and thus approximating the integral in eq. (4.48) by

-1
(2o Qe 2pt - pdy) @51)

Here « is a constant of order one that depends on the details of how the infrared divergences
are regulated at that scale. In our analytical calculation, we do not have control over the value
of this coefficient.

We also use the corresponding approximation for the single inclusive spectrum,

dN; \  Ne(NZ2—1)S,(g%n)?
dyd?p, 4t g? P

, 4.52)

where we disregard the logarithm (see eq. (4.12)). We can now express our result for the
connected part of the g-gluon spectrum as

< dNg > —
dy1 d2p1L oo dyqdzpql conn.

= ,1)|(N§*”KQ§5L ((92HJ41 Nc>q 1
=(q : 27 g2 2m3 KQ% (p]J_)4“'(qu_)4

(N2 -1)kQ2s, TLiL <7dyf‘szLu>
27 (N2 —1)kQ2S./(2m))*

=(qg—1)! (4.53)

If we integrate this equation over the rapidities (in the range of size AY) and transverse mo-
menta of the g gluons (from A to co), we obtain the following result for the factorial cumulant

mg = (q— 1)k m)]q , (4.54)

with

(NZ —1)Q2S.

k:
K 21

(4.55)

The exact constant factors, encoded in the coefficient k, depend on the precise way the in-
frared divergences (logarithmic in the single inclusive spectrum, power law for the multigluon
correlations) are regulated. These factors cannot be obtained exactly in an analytic calculation
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to lowest order in the sources. However, the leading parametric dependences in the relevant
variables o, Qs, S, and N can be expected to be the same to all orders in the sources. A
possible additional (mild) q-dependence in k would be a minor correction to the behavior of
the probability distribution, mostly determined by the combinatorial factor (q — 1)!.

Equations (4.54) and (4.55) are the main result of this section. One can see that these
factorial cumulants are those that define a negative binomial distribution. It arises very nat-
urally in the glasma based on the Gaussian combinatorics of the classical sources and the
assumption of the fluctuations in the system being dominated by a correlation length Q.
It is important to stress the main difference between the moments in eq. (4.54) and what one
would get for a Poisson distribution (i.e. in the absence of correlations among the produced
particles): with a Poisson distribution, all the my’s for ¢ > 1 are zero, while in eq. (4.54)
they are growing factorially.

It is also easy to interpret this result as the superposition of k incoherent sources'”, each
of them emitting (n)/k gluons distributed according to the Bose-Einstein distribution. This
is seen by noticing that the generating function for the negative binomial distribution is the
k-th power of (1 — %(Z — 1)), which is the generating function for the Bose-Einstein
distribution. In the glasma flux tube picture, these elementary sources emit gluons of one
given color from one given flux tube, as one can see from their number given by eq. (4.55).
Geometrically, the transverse area S is filled with Q2S, independent flux tubes of trans-
verse area ~ 1/QZ. Each of these tubes emits gluons in N> — 1 different colors. Our result
shows that the probability distribution of gluons of a given color emitted from one flux tube
is approximately a Bose-Einstein distribution.

Experimentally, the parameter k increases somewhat with AY, the size of the rapidity in-
terval in which the particles are measured. The dependence is, however, very slow for large
AY, pointing to the presence of a long range rapidity correlation in the system [170]. This
is natural in the glasma picture, since flux tubes are coherent over large rapidity intervals.
The number of flux tubes, which gives the parameter k of the negative binomial distribu-
tion, essentially depends only on the transverse area of the projectiles and on the saturation
momentum.

The main difficulty in interpreting the experimental results arises from the geometrical
fluctuations that result from averaging over different impact parameters in one finite centrality
bin. To minimize this effect one should use as small centrality bins as possible. To the extent
that this uncertainty allows us to compare results in gold-gold and pp collisions, the picture
we present seems fairly consistent. For a fixed collision energy, we would expect a scaling k ~
QgS 1 ~ Npar. While keeping this caveat in mind, the results from UAS [166] and E735 [171]
(k = 2...4, Ny = 2) and PHENIX k =~ 350 for 0-5% most central collisions [167] or
k = 690 when extrapolated to a zero centrality bin width [168], N, = 350) seem consistent
with this estimate.

From the fit of the parameter k in central gold-gold collisions by the PHENIX exper-
iment [168] and the value Qs =~ 1.1 GeV estimated from measurements of the charged
multiplicity, one can use eq. (4.55) to obtain an estimate k ~ 0.2 for the parameter that re-
flects our uncertainty in the infrared sector. This means that at RHIC energies the flux tube

SExplicitly, consider n = mj + --- + ny where the n;’s are k random variables independent of each
other that have the same probability distribution pn;. The probability distribution of the random variable

n is then Pn = Zn] -~~an S(n — Zf:1 Ni)pn; ---Pny and the generating function ) z"Pn =
Zn] e an ZM Tt Mep - pny , which is the k-th power of the generating function for one of the variables
ny.
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size, as measured from the multiplicity distribution, is not yet very clearly separated from the
confinement scale. At LHC energies we can expect this separation to be better.

For increasing collision energy we would expect Qs and therefore k to increase. The en-
ergies where the UAS measurements are done are still in the transition region from a behavior
of k decreasing with energy from lower +/s, but we would expect k at the LHC to be clearly
larger. The decreasing behavior at low energy follows because of the Poisson nature of low
energy particle emission, and that for a Poisson distribution k — oo.

In other approaches, the negative binomial has been interpreted as resulting from a partial
stimulated emission or cascade process [170]. A popular approach has been to interpret
the observations in terms of a fluctuating number of strings [131], each producing particles
typically with a Poisson distribution [172, 173] (see also [174, 175] for a more pQCD based
approach). While the picture of flux tubes in the glasma has many similarities to ideas in
string model phenomenology, they differ in the distribution of particles produced from a
single flux tube: the probability distribution of gluons from a glasma flux tube is not a narrow
Poissonian, but has instead a longer tail.
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Introduction

n the previous part of this manuscript, we have shown how the dependence of
observables on the collision energy or on rapidity arises from universal distribu-
tions that describe the color charge content of the projectiles. Then we discussed
a number of phenomenological consequences of this factorization, that can be
evaluated based on the assumption that they are not much affected by the evolu-
tion of the system after the collision. However, it is also well known that some observables
depend crucially on the final state evolution. One key example of these observables is the
elliptic flow, that measures that momentum space anisotropy of the distribution of particles
in collisions with a non-zero impact parameter. At the time of the collision, the locality of the
particle production processes makes them insensitive to the geometry of the colliding region,
and therefore there is no reason to expect any significant momentum anisotropy of the pro-
duced particles. The appearance of the elliptic flow can be explained by the evolution of the
system after the collision, but seems to require that it expands like a fluid with a very small
viscosity [57].

In the first section of chapter 4, we have seen that the classical color fields produced in the
collision of two nuclei have chromo-magnetic field lines that are parallel to the collision axis
at T = 0. Such a configuration of color fields, called the Glasma, has a negative longitudinal
pressure, making the system less than ideal for the applicability of hydrodynamics. This
observation raises an interesting question in the CGC description of heavy ion collisions: how
does one go from highly coherent but anisotropic classical fields to a nearly perfect fluid? A
natural question to ask is whether there are some important higher order contributions, not
included in the classical solutions of Yang-Mills equations, that make the system behave
closer to a perfect fluid.

In the chapter 5, we show that classical solutions of the Yang-Mills equations are subject
to instabilities, that produce unphysical secular divergences in higher order corrections to ob-
servables. We modify our power counting rules in order to track these pathological terms, and
we resum them into a manifestly finite expression that amounts to add Gaussian fluctuations
to the initial conditions for the classical color field fluctuate at T = 0.

In the chapter 6, we study the effect of these Gaussian fluctuations in a simpler scalar field
theory, in order to avoid some difficulties of the implementation in QCD. We demonstrate that
these fluctuations, via a decoherence process, lead the pressure of the system of fields to relax
in time towards the equilibrium value of the pressure. We also show that they significantly
alter the energy density fluctuations in the system, making the system more thermal-like.
Then, we investigate more thoroughly the properties of the system of fields when the Gaussian
fluctuations are included, by computing its spectral density, the mass of its quasi-particles,
its occupation number and entropy density. All these quantities point to the conclusion that,
although the system has the equation of state of an ideal fluid, it has not yet reached local
thermal equilibrium.
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Chapter 5

Unstable modes, Resummation
of the Secular Terms

t leading order (or leading log, if the initial state logarithms have been re-
summed), the CGC describes the matter produced in heavy ion collisions as
a solution of classical Yang-Mills equations. The energy-momentum tensor of
this classical field configuration is however very peculiar, because its longitudi-
nal pressure is negative, making it unsuitable for an hydrodynamical description
of its expansion. Moreover, the existence of a negative pressure suggests that the system of
fields may in fact be unstable.

As we shall discuss in this chapter, this is indeed the case: the classical Yang-Mills equa-
tions suffer from an instability that makes their solutions extremely sensitive to their initial
condition (see the section 5.1). In other words, subleading perturbations (in powers of g)
to their initial condition grow exponentially in time and eventually become as large as the
leading order classical field. The existence of these unstable modes implies that some NLO
corrections to the energy-momentum tensor will have an unbounded growth as time increases
(a phenomenon known as a secular divergence), and after some time they will become as
large as the LO contribution.

Therefore, one should alter the power counting in order to resum these corrections. In the
section 5.2, we present a resummation scheme that collects the fastest growing corrections at
higher loop orders, and we show that this resummation can be reformulated as an average over
a Gaussian ensemble of initial conditions at T = 0 for the classical Yang-Mills equations. In
the next section, we discuss the time evolution of this ensemble of classical fields, and argue
that it is controlled by a classical Liouville equation.

5.1 Unstable modes in Yang-Mills equations

As we have seen before, the classical solutions of the Yang-Mills equations that are relevant in
the CGC description of heavy ion collisions at leading logarithmic accuracy are independent
of the space-time rapidity 1. An important question is whether these rapidity independent
solutions are stable under small perturbations. In other words, what happens if one super-
imposes a small perturbation (possibly n-dependent) to their initial condition? In order to
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Figure 5.1: Numerical simulation of the time evolution of rapidity dependent perturbations. From
[176].
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answer this question, one must now solve numerically the classical Yang-Mills equations in
3+1 dimensions, which has been done in [12, 31, 176, 177]. A result of this numerical simu-
lation is shown in the figure 5.1. The horizontal axis is the proper time in units of the inverse
saturation scale, and the vertical axis represents the largest Fourier n-mode of the longitudinal
pressure, defined as

max U dnd?x, e 2 Tm| | (5.1)

where we denote
2T = sinh? (1) T° 4 cosh? () T33 . (5.2)

Note that with the leading order Glasma fields, T2 T is independent of the rapidity 1), and

thus its only Fourier mode is the mode v = 0. Therefore, the maximum over the non-zero
modes defined in eq. (5.1) is zero. We see in the figure 5.1 that it indeed starts at a very small
value at T = 0, a consequence of the fact that the initial value of the perturbation is taken to
be very small. Subsequently, this quantity grows exponentially in time', as exp(y/const x T),
suggesting that the perturbation of the gauge field itself grows exponentially fast. This ex-
ponential growth of a seemingly negligible perturbation is the sign of an instability in the
classical Yang-Mills equations, which should have been expected since it has been shown in
[28, 29, 178] that they have positive Lyapunov exponents. Semi-analytic studies of small
perturbations to solutions of the Yang-Mills equations have also confirmed the existence of
unstable modes [179, 180].

A similar instability, known as the Weibel instability (or filamentation instability), has
also been observed in the study of a quark-gluon plasma that has an anisotropic distribution
of particles in momentum space. In this case, certain modes develop an imaginary Debye
screening mass [40, 41], that signals the instability.

1t is easy to understand at a qualitative level that the square root of time (as opposed to a linear dependence in
time) inside the exponential is due to the expansion of the system. Indeed, one can see the unstable modes as having
imaginary screening masses. In a system whose volume is proportional to time due to the longitudinal expansion,
the square of the screening masses decreases as 1/7 since it is proportional to the square of the classical field. Such
a screening term in the equation of motion of a field leads to solutions that behave like Bessel I, functions, whose
leading behavior at late time contains an exponential of /7. See also [48].
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Note that the quantity displayed in the figure 5.1 cannot grow indefinitely in time. Indeed,
when the perturbation becomes comparable in size to the underlying Glasma field, the non-
linearities of the Yang-Mills equations should prevent the energy momentum tensor from
growing any further. However, this observation leads to the hope that fluctuations that are
not included in the Glasma leading order calculation may grow fast enough to make the
longitudinal pressure become positive (recall that the Glasma classical field gives a negative
value T2T™ = —e¢). In the toy calculation of [176], the perturbations that led to this positive
growing contribution to the longitudinal pressure have been introduced by hand. However,
such perturbations are naturally generated by the quantum fluctuations in the system. In the
CGC formalism, these should arise at higher orders via loop corrections. In the next section
we show how to resum the loop contributions that give the fastest growing corrections due to
this instability, we justify the averaging procedure used in [176], and argue about what the
ensemble of initial conditions should be.

5.2 Resummation of the secular divergences

5.2.1 NLO correction

Let us first recall the one-loop result for the energy-momentum tensor. We have derived in
the chapter 3 a formal expression for the NLO correction to the energy momentum tensor in a
given configuration (1 > of the color sources that represent the fast partons in the two nuclei:

. 1 a3k
TNPLO (X) = [2 )\Z J (27_()732]{ J d3 Su d3 Sv [afk)\a : Tu] [aJrk)\a ! Tv]
@ b
+Jd3 Su [B- Tu]] T (x) (5.3)
z

In this NLO correction, some of the terms that are independent of the rapidity n have loga-
rithms of the cutoff of the CGC effective theory, and can be interpreted as being part of the
wavefunctions of the incoming projectiles. We assume in the following that these leading
logarithmic terms have already been absorbed in the distributions of the sources p1,> via the
JIMWLK evolution equation.

In order to keep the subsequent formulas compact, we will use the notation”

3

) - TyT, = Za J' (27(1)73],{% [a—k)\a 'Tu] [a+k?\a : TV} . (5.4
Although we do not introduce a new notation, from now on I, and 3 denote what is left
in eq. (5.3) after one has isolated the leading logarithmic terms that are resummed via the
JIMWLK evolution. In this chapter, we focus mostly on what happens for a fixed configu-
ration {7 > of the sources that describe the incoming projectiles, since our goal is to argue
whether thermalization and/or flow occurs in a given collision. In order to stress the fact that
the energy-momentum tensor at leading order is a functional of the initial classical fields at
T =07, we may use the notation

THY(x) = THY [Aolpr 205 %] (5.5)

2Since in Yang-Mills theory, the operator a - T, is the sum of three terms (see eq. (3.45)), the quantity I’ (u,v)
that we have introduced via this notation should therefore be though of as being a 3 x 3 matrix.
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Ay is the pair (Ao, o) where Ay is the initial value of the gauge field and € the initial value
of the corresponding canonical momentum?® (which is an electric field, hence the notation).
Ao and € are themselves functions of g7 . x is the space-time point at which the energy-
momentum tensor is evaluated.

The numerical evidence shown in the figure 5.1 for the existence of instabilities in the
classical solutions of Yang-Mills equations implies that the NLO correction to the energy-
momentum tensor contains secular divergences: some of its components* at least should
divergence when T — oo. Therefore, a strict application of the g2 expansion for the calcula-
tion of the energy-momentum tensor is bound to fail after a finite amount of time, after which
the CGC predictions cannot be trusted unless the behavior of the perturbative expansion can
be cured by a resummation.

5.2.2 Modified power counting rules

So far, our power counting has been limited to keeping track of the powers of the coupling
constant g, coming either explicitly from the vertices in Feynman diagrams or implicitly via
the sources Py that are parametrically of order g~ in the saturated regime. We have in
fact already departed from a strict application of this counting by resumming the higher order
terms that come with a sufficiently high power of a logarithm of the cutoff A* — the so-called
leading logarithmic corrections. Now, the instabilities that introduce secular divergences in
the NLO corrections to the energy-momentum tensor call for another improvement to this
power counting. Ideally, we would like to resum all the terms that have secular divergences
in higher loop corrections. In order to achieve that, we need now some power counting rules
to determine which terms are important and which terms can be neglected.

At leading order (tree level), the energy momentum tensor is of order Q% / g%. In the
absence of any secular divergence, its NLO corrections should therefore be of order Q¥. This
can be recovered from eq. (5.3) by the following counting rules:

Ruwv) ~ a_kaa(Wagxkaav) ~0(1), (5.6)
Bu) ~ 0O(g), (5.7

T 2 0lg) 5.8

u - % ~ g). ( . )

The existence of instabilities implies that we must alter our estimate of the order of magnitude
of the operators T,. Indeed, since T,.A(T,X) is the propagator of a small fluctuation over
the background field between the initial surface £ and the point (T,x), it grows at the same
pace as the unstable fluctuations. Thus, the counting rule for T, should be modified to read :

Ty ~ O(geVhT), (5.9)

3Since the Yang-Mills equations contain second derivatives with respect to time, the initial condition must specify
both the initial field Ao and its first time derivative £y. Moreover, we have not written here the Lorentz indices of
the gauge potential and electric field — A( and €y are themselves multicomponent objects.

4The conservation of the energy-momentum tensor, 9, T*Y = 0, which is valid order by order in gz, ensures
that some combinations of its components are protected from any such divergences.
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and the combination I'; (u,v) T, T, that enters in eq. (5.3) leads to a relative correction of
order g?e?V*T to the energy momentum tensor. At short times, this is indeed a correction
suppressed by a factor g% —as expected for a 1-loop correction— but it is enhanced exponen-
tially at later times due to the instability. When this corrective factor becomes of order unity,
the loop expansion breaks down. This happens at a time

1
Tmax ~ 1 In? (9) ) (5.10)

When this time is reached, the 1-loop correction becomes as large as the leading order contri-
bution, and one should in fact expect that an infinite series of higher loop corrections become
equally important.

5.2.3 Dominant higher loop corrections

Our goal now is to collect from the higher orders all the terms that are leading at the time
Tmax. This comprises all the terms where the extra powers of g2 are compensated by an equal
number of factors such as e?VHT,

A typical higher order correction to the energy momentum tensor can still be written in
the form of eq. (5.3), but with a more general operator acting on THY (x):

J-d3su1 "'dg)su,1 rn(uh"' »un) 'TU] "'rJrun ) (5.11)
)X

where [, is some n-point function (simply connected or not). If eq. (5.11) is a piece of a
L-loop correction to the energy-momentum tensor, the order gP and the number n of points
of the function I, are related by:

n+p=2L. (5.12)

In the figures 5.2 and 5.3, we illustrate this formula by some examples of 1-loop and 2-loop
contributions. This formula also works if I}, contains tadpole contributions (such as 3 for
instance) that are disconnected from the rest of the n-point function. Note that p = 0 is the
smallest possible value for p. Taking into account the effect of the instabilities, the order of
magnitude of a contribution obtained from eq. (5.11) is
n

yﬂWVH}. (5.13)
If we disregard the time-dependent factors in this formula, the naive power counting would
indicate that this is a correction of order gZL. However, at the time Ty, it is in reality of
order gP. In other words, at the time T,y all the terms for which p = 0 are of the same order
and leading, while all the terms for which p > O are suppressed. Therefore, it is natural to
resum all the p = O terms, and to neglect all those with p > 0. This implies that the numbers
n of points must be even, equal to 2L. Moreover, if we restrict ourselves to terms of order
p = 0in Iz, the only possibility is to construct ;1 as a product of L factors I';. In particular,
tadpole contributions such as 3 are excluded in the p = O terms, since they contain at least
one power of g. Any non-factorized contribution to ;1 requires extra powers of the coupling
g, and therefore cannot contribute at the order p = 0.
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Figure 5.2: Representation of the 1-loop contribution involving the function I'>(u,v). The thick
red line is the X surface on which the initial value problem is set up. The open circles
represent the initial data. The filled blue circles represent the two operators T, v, and the
U-shaped wavy line below the light-cone is the function I (u,v).

™)

I(w,v) v

Therefore, the leading operator at L loops in eq. (5.11) is in fact the L-th power of the
2-point operator that appears at 1-loop, i.e.

L
% E J d38,d3s, Nn(u,v) - TuT‘,] , (5.14)
b

where the inverse factorial prefactor is a symmetry factor that prevents multiple countings.
When we sum all these contributions from L = 0 (leading order) to L = 400, we obtain the
exponential of the leading order result

1
Ty a(X) =exp [2 J d*Sud?S, Na(u,v) - T, Ty | THY(x) . (5.15)

)X

Figure 5.3: Representation of two examples of 2-loop contributions. The thick red line is the
T = 0% surface on which the initial value problem is set up. The open circles represent the
initial data. The filled blue circles represent operators T, . Left: contribution with a I'4 that
factorizes into two I';’s. Right: contribution with a I'3.

™ (x) ™ (x)

I3(u,v,w)
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5.2.4 Average over initial fluctuations

Eq. (5.15) provides an expression that resums all the leading contributions at the time T =
Tmax- HOWever, this is a very formal expression, and in this form it is not obvious that it leads
to a result that is free of the secular divergences encountered at NLO. Moreover, this is not a
formula that one can evaluate numerically since it contains functional derivatives with respect
to the initial condition of the classical color field.

Fortunately, eq. (5.15) can be rewritten in a much more intuitive way. One should recall
that the operator T, is the generator of shifts of the initial conditions at the point u € £ for
the classical field A. In other words, if ap(u) is a perturbation of this initial condition, we
can write:

exp Jd38u lao - Tul| F[Ao] = F[Ao + ao] , (5.16)
z

for any functional F[A,]. (Ao = (Ao, Eo) is the collection of the initial classical fields Ag
and their canonical momenta €, — similarly, ap combines the perturbation to the gauge fields
and the perturbation to the electric fields). The second step is to note that’

exp %J'dssudSSv r(u,v)-T,T, :J[an} Fo[ao] exp JdSSu lao-Tul|, (5.17)
z z

with®

1
Folao] cexp | — 5 J d3Sud®Sy ao(W)y ' (w,v)ap(v) | . (5.18)
r

In eq. (5.17), the measure [Dap] contains one functional integration for each gauge field
component and each electric field component involved in the initial condition on X. Thus,
one can rewrite:

T mmed (X) = J [Dao] Folao] THY[Aolpr12] + ao;x] . (5.19)

In other words, the resummation of the terms that give the leading contribution at the time
Tmax can equivalently be performed by adding a fluctuating component to the initial condition
of the classical field” on £, with a Gaussian distribution. The previous formula can also be
rewritten as

T ammed (X) = J [DAo] Fo[Ao;p1,2] THY[Ao;x], (5.20)

resummed

5 An elementary form of this identity,

—+o0 —22 /2«
e%ai f(x):J dzif(x+z) s
—0 2mx

can be proven by doing a Taylor expansion of the exponential in the left hand side and of f(x + z) in the right hand
side. In this simple example, one sees that an operator which is Gaussian in derivatives is a smearing operator that
amounts to convoluting the target function with a Gaussian.

6The unwritten constant prefactor, proportional to [det(T2)]~1/2, is such that the distribution Fq [ao} has an
integral over ap normalized to unity.

TThe same conclusion was reached in [4, 181], via different approaches.
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where Fo[Ao;p1,2] is now a Gaussian functional whose center value depends on the config-
uration of pq > of the fast sources:

Fo[Ao;p1,2] = FolAo — Aolpr 2]l . (5.21)

The result obtained in eq. (5.20) is quite remarkable: the resummation of the loop corrections
(i.e. quantum corrections) that lead to the most unstable behavior is equivalent to an average
over a Gaussian ensemble of classical field configurations.

At this stage, it is easy to see why eq. (5.20) cures the problems encountered in a fixed
loop order expansion. Indeed, the secular divergences at NLO are due to the fact that the
strict g2 expansion amounts to linearizing the equation of motion for perturbations around
the classical field. The resummation that we have performed restores all the non-linearities
in the dynamics of these perturbations —this is done by promoting the perturbation into a
shift of the initial conditions for the non-linear evolution of the classical field— and as a
consequence, eq. (5.20) does not contain secular divergences anymore. Indeed, since the
Yang-Mills potential is bounded from below, the classical field A whose initial condition
is Ao leads to an energy-momentum tensor whose components are bounded at all times.
Averaging over A, with a Gaussian ensemble does not alter this conclusion.

5.3 Initial spectrum of fluctuations

5.3.1 Gauge invariance

For applications to heavy ion collisions, it is necessary to know the spectrum of fluctuations
described by the distribution Fg [ao] on a surface X at some very small proper time T — 0.
Before doing this, let us discuss some formal properties of these fluctuations, starting with
gauge invariance.

From eq. (5.19), one can check that the resummed energy-momentum tensor is invariant
under gauge transformations of the background classical gauge field:

Aolpr,2) = QTAE B L]0 + éﬂ*am . (5.22)

We already know that the energy-momentum tensor calculated in a given configuration of
classical field is invariant under gauge transformations of this classical field. Therefore,
THY [Ao[p1,2] + ao; x| is invariant under the transformation

Aolp1.2] +ap — QF [Ag[m,z] + ao] O+ ;gfam . (5.23)

For the left hand side of eq. (5.19) to have the announced invariance property, it is suffi-
cient that the distribution of fluctuations Fy [Ao; p1, 2] be invariant when we simultaneously
perform the transformation of eq. (5.22) for the background field and the transformation

ap — _O.]L Clo_O. (5-24)

for the fluctuation. Note that this is the expression of the gauge transformation when ag is
expressed in the fundamental representation. Using Q7t2Q = tEQLu (where the index T
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denotes an arbitrary representation, and () 41 the components of Q in the adjoint representa-
tion), this transformation law is equivalent to®

ag — 0l af. (5.25)

Formally, the invariance of the distribution of fluctuations under this transformation is satis-
fied provided the kernel I'; (u, v) transforms as

Mab (1, v) = Qf  (Wea (U, v)Qap (V) (5.26)

when the classical field Ao[p1 2] is gauge rotated according to eq. (5.22). Note that eq. (5.22)
is nothing but the gauge transformation of the propagator of a small fluctuation on top of the
background Ao [p1,2], so it should be satisfied by construction, given the definition (5.4).

5.3.2 Ultraviolet divergences

Another important aspect of eq. (5.20) is the fact that it is potentially plagued by ultraviolet
divergences. Indeed, since one is resumming quantum fluctuations, the energy-momentum
tensor should receive a contribution from the (infinite) zero point energy. In order to regu-
larize these divergences, one should temporarily limit by a cutoff A the largest momentum
mode of the fluctuation ap. Since the energy-momentum tensor has a canonical dimension
four, we expect that its dependence on this cutoff can be organized as follows:

Thy med(X) = 1A + c2A% + ¢35, (5.27)
where c1 3 are finite quantities. It is easy to renormalize the energy-momentum tensor by
subtraction if one can prove that the divergences are truly a property of the vacuum and do
not depend on the background classical field A [+ , >]. The coefficient ¢y is dimensionless —
it is therefore a pure number, that cannot depend on the background field. The case of c; is
a bit more tricky. Indeed, its dimension two a priori allows a dependence on the background
field. However, since we know that the left hand side in eq. (5.27) is invariant under gauge
transformations of the background field, we conclude that the coefficient c; must be a gauge
invariant, local (because the left hand side is a local quantity), dimension two quantity. There
is no such quantity in Yang-Mills theory, except for c; = 0. Thus, on the basis of gauge
symmetry and locality, we expect that the only ultraviolet divergence in our expression for
the resummed energy-momentum tensor is a quartic divergence, with a coefficient that does
not depend on the background field. Because of this, it can in principle be computed once for
all (by taking p7 > = 0) and subtracted.

5.3.3 Locality of the spectrum

From the definition in eq. (5.18), it appears that the distribution of fluctuations on the initial
surface is a Gaussian that is entirely determined by the 2-point function I'; (u, v). In eq. (5.4),
this 2-point function is expressed in terms of the small fluctuations al{,, . that are plane
waves that have evolved from x° = —oo to the time of interest, over the classical background
field Ap. This formula suggests that the spectrum of fluctuations on the Cauchy surface -

depends on the entire past history of the system, from x° = —oo to the proper time T of the

8The a§ (C-number) introduced here is related to the ag (matrix in the representation r of SU(3)) of eq. (5.24)
by ap = agty.
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surface . However, this spectrum is in fact a local (in time) property of the system, that
depends only on the background field in the vicinity of the surface £ and on a basis of small
fluctuations over the background in that neighborhood.

Consider the equation for the propagation of small fluctuations on top of a classical field
configuration A,

1
—— Do (V=99*Pg"* (Dpa, — Dyap)) —igg*P g""Fup ax =0. (5.28)
V=3
written here for a generic system of coordinates, possibly curvilinear. g*" is the metric tensor

in this system of coordinates, and g denotes its determinant (negative since the signature of
the metric is chosen to be (+,—, —, —).

Since the equations of motion (5.28) of the small fluctuations are linear, the set of its
solutions is a vector space, and it is sufficient to know a basis of this space in order to be
able to construct any solution. For a real background field such as the classical field A", the
evolution in time of the small fluctuations is unitary9. Therefore, there should be an inner
product between pairs of solutions of eq. (5.28) that remains invariant during the evolution of
these solutions. To construct this inner product, rewrite eq. (5.28) as

OVMa, =0, (5.29)
with
OV = D(x\/—g(gv“g“B - 9”‘39”“)13(3 —igv=g9 " g"PFap . (5.30)

Consider now two solutions a,, and by, of eq. (5.29), and start from the identity

—

0= J d*x a’(x) [ Ovi _ gva } bu(x) (5.31)
Q

where Q) is some domain of space-time. This identity is a trivial consequence of the equations

of motion for a* and b. A remarkable property of the integrand in the right hand side is that

it is a total derivative'?,

—_

ay(x) [ 0¥* = 0" | by (x) =
1 1 o
= — v o D VB qpna D ovoee 1 *
aa{\/ 9(9 g 29779 29779 )(aV(X) Dp bu("))} . (5.32)
Therefore, one can use Stokes’ theorem,
J d*x 04F = J A3, ngF* (5.33)
Q Yo}

where d3S,, is the measure on the boundary 9Q), and n is a normal vector to the boundary,
oriented outwards. Let us assume that the boundary 9Q is made of two locally space-like

9In event of confusion from the apparent structure of the last term of eq. (5.28), note that the components of the
adjoint generators are purely imaginary, and therefore the function that multiplies a* in this term is real.

10For this property to be true, it is crucial that the last term in eq. (5.30) is real and one should properly take the
complex conjugate of the covariant derivatives when they act on the left. This property is in fact closely related to
the operator OV* being Hermitian; the evolution of the fluctuations is unitary.
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surfaces X1 and X, and a third boundary located at infinity in the spatial directions on which
all the fields are vanishing. Then eq. (5.31) is equivalent to

1 1 —
3 — v B VB px D voe uf *
L] d>Sy v/ 9(9 g 59779 59779 )na(av(u) Dp bu(u))

1 1 . o

= J Sy v=9(9"" 9" — 397 ¢"* — 397" Jna(a} () Dp by(w) .
P}
(5.34)
We have thus proved, most generally, that an inner product defined as

1 1 o

(a’b) = iJ' d3Su /jg<gvugocf5 —fg"ﬁg”“—fg"“g”ﬁ)noc (ai(u) Dp bu(u)> ,
b 2 2

(5.35)

is independent of the Cauchy surface X used to define it, provided a,, and b,, obey the equa-
tion of motion of small fluctuations. Note that we have added a factor 1i to its definition to
ensure that it is Hermitian,

(afp)” = (bfa),
(a*[b¥) —(bla) =—(a|b)" . (5.36)

In the special case where  is a surface of constant T and we work in the Fock-Schwinger
gauge AT =0, wehaven-D =0 ,andn-a =0, n-b = 0. Therefore the inner product
simplifies into

(ab) =1 J d3Su V=g g"”(af,(u) P bu(u)> . (5.37)

T=const

Now let us evaluate the inner product for pairs of field fluctuations taken from the set of
the atLxaq. Since the inner product does not depend on the chosen time surface and since
we know these fields at xX° — —oo (because they are defined via their initial condition in
the remote past), we can evaluate the inner product by using plane wave initial conditions for
these fluctuation fields. This gives

(a+k)\a‘a—lpb) = 0
(ayiralasips) = Sapdab (271)32k8(k — 1)
(a—wrala—tpb) —8apdab (27)32k8(k — 1) . (5.38)

Thus this particular basis of the space of solutions of eq. (6.44) is orthonormal with respect
to the invariant inner product defined in eq. (5.35). Note also that the a,yxq’s represent
only one half of the basis of the vector space of solutions of eq. (5.28) —namely the solu-
tions that have a positive frequency in the remote past. The other half is simply obtained
by complex conjugation. It easy to check that any unitary transformation of the positive en-
ergy solutions (and a concomitant change to the negative energy ones, that are their complex
conjugates) transforms an orthonormal basis into another orthonormal basis, and leaves the
formula eq. (5.4) unchanged. This remark is useful because it leaves us the freedom to label

131



the elements of the basis by other quantities than the Cartesian 3-momentum. This will be
true in our specific case where we are interested in a basis in a curvilinear co-ordinate system.

It is important to note that the prefactor in front of the & functions in eq. (5.38) exactly
cancels the factors that are included in the integration measure in eq. (5.4), namely one has

a3k
Jm (ayiralatipn) =1. (5.39)

This remark in fact defines uniquely how the inner product of the basis elements should be
normalized given a generic choice for the integration measure in eq. (5.4). Moreover, this
makes clear that eq. (5.4) is just one particular representation of the correlator I';; there exists
such a representation for any orthonormal basis of the space of solutions of eq. (5.28), as we
shall explain now. Thanks to the above inner product, one can spell out a general procedure '
for constructing the correlator I:

i. Find a complete set of independent positive energy solutions a, of eq. (5.28), where
K denotes collectively (usually a mix of continuous and discrete labels) all the labels
necessary to index these solutions.

ii. This set of solutions should obey the orthogonality condition,
(ag|a,) =N,8,,, (5.40)
with N real and positive definite'?,

iii. The correlator I'; is then given by
Pafuv) = [ dis a, (W), (5.41)

where the measure dp, (a mix of integrals and discrete sums) is such that
Jde N6 . =1. (5.42)

It is clear from egs. (5.40) and (5.42) that the I'; given by eq. (5.41) is independent of how we
normalize the solutions, provided we choose the integration measure accordingly. Moreover,
the correlator I'; does not depend on the orthonormal basis of solutions one chooses, and we
only need to know the solutions at the time of interest (and thus we can avoid the complication
of evolving the plane waves from the past through the forward light-cone).

A further simplification is possible because in practice we won’t need to use directly
eq. (5.41) for ;. Indeed, an ensemble of real-valued field fluctuations a* that have a 2-point
equal-time correlation given by I, can be generated by the following formula,

at(x) = Jde |:CK ab(x) +cy ab*(x)|, (5.43)

n this light, eq. (5.4) which represents I’ in terms of the a4 s, exploits one possible method of constructing
such an orthonormal basis. In this case, one starts at x° = —oo with the plane waves, that are known to form an
orthonormal basis, and evolves them forward to the time of interest. The time invariance of the inner product then
guarantees us that we get an orthonormal basis on the forward light-cone.

12This means that the solutions a, will in general be complex solutions.
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where the coefficients ¢, are random Gaussian-distributed complex numbers whose variance
is given by

(eccts) = Fer

{cey) <c’; c’;/> =0. (5.44)

Based on these ideas, we have constructed in [13] an orthonormal basis of positive frequency
solutions, that can be used in order to generate an appropriate ensemble of fluctuations. Nat-
urally, since the background field A" is known analytically only at T = 0" (and in a small
neighborhood of this surface by performing an expansion in powers of T), the solutions we
have obtained are themselves only valid at small T. This is however sufficient in practice,
provided one starts the time evolution at a time Top < Q3.

5.4 Time evolution of the distribution of initial conditions

5.4.1 Liouville equation

So far, we have not specified the initial surface X. To be able to use the power counting rules
that led to the exponentiation of the 1-loop result, i.e. to a Gaussian distribution for the initial
value of the classical field, it is necessary that this surface be located before the instabilities
develop. For instance, eq. (5.20) is valid with a Gaussian JF if the surface X is taken just
above the light-cone, at a fixed proper time T = 0. If the initial surface X was taken at a
time where the instabilities are already fully developed, then our power counting would be
unable to pick up all the important contributions.

However, one should also be able to recover the left hand side of eq. (5.20) with any initial
surface, provided one modifies appropriately the distribution of initial fields. In particular, it
may be useful to start at a surface X, located at a later proper time T, i.e. we would like to
rewrite eq. (5.20) as

Tr:;mmed(x) = J [DAT] I [AT; ()]»2] TL%V [AT;X} ’ (5.45)

For observables measured at the point x to be independent of this initial time, the distribution
Fo must be replaced by a distribution F, in order to compensate the fact that the evolution
with the Yang-Mills equations is now shortened'®. In order to derive the renormalization
group equation for F that realizes this invariance, it is useful to view Fo[Ao;P1,2] as a
classical phase-space density for a statistical ensemble of systems. The evolution equation for
F. describes how this ensemble of systems flows under the classical Yang-Mills equations.
This equation is nothing but the Liouville equation:

0F .
0T

+{F, H,,,} =0, (5.46)

I31f one knew the distribution F at the time when the observable is measured, one could avoid entirely the step
that consists in solving the Yang-Mills equations.
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where J,,, is the Hamiltonian corresponding to the classical Yang-Mills equations'*. The
symbol {-, -} denotes the classical Poisson bracket, i.e.

{A,B}:Jd3x< 0A OB AL ), (5.47)

SA(X) 8E(x)  8E(x) dA(x)

where € is the canonical momentum associated to A. It is indeed easy to check that if

Figure 5.4: Illustration of the Hamiltonian flow of the ensemble of initial conditions described
by the distribution Fo[Ao; p1,2].

eq. (5.46) is satisfied, then any observable that depends solely on the value of the classi-
cal field at some later time is independent on the time at which one sets the initial conditions
if its expectation value is given by eq. (5.45).

Note that in the regime where the self-interactions of the gauge fields cannot be neglected,
especially at early times when the field amplitude is large, the Yang-Mills Hamiltonian has
large cubic and quartic terms in the fields and their conjugate momenta. In eq. (5.46), these
non quadratic terms of H,,, generate non-gaussianities in the distribution of fields. In other
words, the distribution of fields F; remains Gaussian only if the Hamiltonian in the Liouville
equation is quadratic.

From eq. (5.46), one can prove that the phase-space density F[A;p1 2] is conserved
along a given trajectory (Liouville theorem'?). This result has another, particularly intuitive,
formulation: if one sees the evolution of F; as that of a fluid in phase-space (see the figure
5.4), then the Liouville theorem is equivalent to the incompressibility of this “fluid”. The
initial distribution F (droplet of fluid in this analogy) gets deformed under the time evolution,
but the volume it occupies in phase-space remains constant.

141f € is the canonical momentum associated to the field A, then the classical Yang-Mills equations read:

A =03, /08 |, &=—0H,,/0A.

15Liouville’s theorem can be proven as follows. Denote f(T) = F[A(T); p1 ;2] where A(T) obeys the Yang-Mills
equations and J; the Liouville equation. We have

_ 0 8T 85

f(1) = S AT HEE = (T Hy )+ (T Hiy ) =0,
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5.4.2 Ergodicity and thermalization?

Numerical simulations of the classical Yang-Mills equations have shown that they have posi-
tive Lyapunov exponents [28, 29, 178], i.e. that phase-space trajectories that start very close
tend to diverge exponentially in time, making the dynamics chaotic. From numerical simu-
lations on small lattices, it has also been argued that the phase-space trajectories of classical
Yang-Mills equations are ergodic: most of the trajectories fill densely the manifold corre-
sponding to energy conservation, spending in a given area a time proportional to the measure
of that area.

At this time, the precise implications of this behavior on the thermalization of the system
of color fields are not known and one can only speculate. If the system was contained into in a
fixed sized box, then it would be very plausible that a micro-canonical equilibrium ensemble
is reached in a time determined by the inverse of the largest Lyapunov exponent. To make
the argument a bit more precise, recall that for a classical configuration of color fields the
components of the energy-momentum tensor read:

1 .. o
T = S (EGEq +BgB)

TOU = eURELBK,

T = TO0Y —Eip) —BIBJ . (5.48)

If one assumes that the energy density T°C is conserved along a classical trajectory '© and that
the ergodicity of a typical trajectory'” implies that all the configurations of the fields E},, BL
compatible with a given T are equally likely'®, then one obtains trivially the following
results for the averages over the distribution Fo[Ao; p1,2]:

<TOi> — O,
(1) = §<T°°>- (5.49)

This form of (T"Y) would justify the applicability of ideal hydrodynamics to the system,
since we have now an energy momentum tensor that has the form expected for an ideal fluid.
Moreover, we see that the equation of state of the system would be € = 3p, as expected
from its scale invariance. However, in the case of a rapidly expanding system, as is the case
for heavy ion collisions, the conclusion is far from clear since the expansion may hinder the
isotropization.

16Strictly speaking, only the total (i.e. integrated over space) energy is conserved. However, on short time-scales,
the energy cannot move very far because of causality and its local density should remain approximately constant.

7The average over fluctuating initial conditions implied by eq. (5.20) is crucial for this argument. Indeed, the
phase-space trajectory corresponding to the plain Glasma fields is not ergodic: it remains confined to the subspace of
fields that are independent of rapidity, which have a negative longitudinal pressure. By allowing fluctuations of the
initial field on the light-cone, one frees the phase-space trajectories from this constraint, and they can now explore
in full the manifold allowed by energy conservation.

'8This is indeed what one expects of ergodicity: all the micro-states corresponding to the same energy are equally
likely.
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Chapter 6

Toy model study:
Scalar fields in a box

n the previous chapter, we have argued that in order to cure the problem posed by
secular divergences in higher order corrections, one should add Gaussian fluctu-
ations to the initial conditions on the light-cone for the classical Glasma fields.
Although it is easy to see that this cures the problem of secular divergences, the
consequences of this resummation on the energy-momentum tensor are at best
speculative at this point, because the implementation of this resummation in QCD is techni-
cally challenging. The hope is that this resummation includes all the physical processes that
are important for the equilibration of the system, but a complete proof of this statement is still
out of sight.

Here, we propose to apply the same ideas to a much simpler quantum field theory, in
which one can study these questions numerically in great detail. This model will serve as
a concrete realization of the resummation program we have proposed in the previous chap-
ter. This toy model shares many of the features of the CGC, in particular the evolution of
the system is driven by a strong external source, and it also has instabilities that call for a
resummation identical to the one advocated in the previous chapter.

In the first section of the chapter, we setup the model. We also compute its energy-
momentum tensor at LO and NLO, and observe explicitly the secular divergences in the
NLO correction. Then, we resum the secular terms, and obtain a formula with Gaussian
fluctuations for the initial conditions at t = O of the classical field.

In the section 6.2, we first look at the effect of the zero-mode —spatially uniform— fluc-
tuations. We show that they make the pressure relax towards the equilibrium pressure, and
that they lead to a micro-canonical phase-space density. Due to the great simplicity of the
model, it is possible to interpret these effects as a decoherence phenomenon due to the non-
linear couplings between the fields. We also show that the same relaxation occurs in a system
which is longitudinally expanding, as would be the case in a collision.

In the section 6.3, we describe the results of numerical simulations with the complete
spectrum of fluctuations, including spatially dependent fluctuations. We again observe that
the pressure relaxes towards the equilibrium pressure, in a time that decreases with increas-
ing coupling constant. We also compute the fluctuations of the energy density, and show a
qualitative change of shape as time increases.
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Then, we compute the spectral density of the system. This tells us that, after a brief tran-
sient regime, it is populated by massive quasi-particles. Next, we perform a direct computa-
tion of the occupation number in the system. After a rather short transient regime dominated
by resonance phenomena, we observe a scaling regime reminiscent of turbulence over some
range of k. At late times, the system appears to approach thermal equilibrium with a slowly
varying number of particles, and a Bose condensate forms at k = O due to a particle excess.

6.1 Model setup

6.1.1 CGC-like scalar model

Our aim is to set up a scalar field model that mimics the main features of the Color Glass
Condensate applied to the description of the early stages of heavy ion collisions. To achieve
this, we couple a scalar field to an external source J, via the following Lagrangian:

£ = 0u0)0%0) — Lot 4 o 6.1)
=2% a1 ' '

In the CGC framework, the source ] coupled to the gauge fields represents the color charge
current carried by the two colliding projectiles, and therefore this current is zero at positive
proper time (i.e. after the collision has taken place). In order to mimic this feature while
keeping a simple coordinate system, we assume here that the source | is nonzero only for
Cartesian time x° < 0, and we parameterize it as'

0, Q°
Jx) ~ 0(—x") — . (6.2)
g
At x° > 0, the external source ] is zero, and the fields evolve solely via their self-interactions,
like the color fields radiated in the collision of two hadrons or nuclei in the CGC framework.

Ineq. (6.2), we have incorporated two additional features that are also present in the CGC.
The external current | is strong in the sense that it contains a power of the inverse coupling
(that we assume to be small, in order to legitimate an expansion in powers of gZ), and its
dimension is provided by the parameter Q (that plays in this model the role of the saturation
scale in the Color Glass Condensate).

Note that a scalar field theory with a ¢* coupling in four space-time dimensions is scale
invariant at the classical level (one can see this from the fact that the coupling constant g is
dimensionless for this theory). In our model, this scale invariance is broken solely by the
coupling to the external source ], that introduces the scale Q. Thus, we should expect that all
physical quantities will simply be given by some power of Q times a prefactor that depends
on the coupling g.

6.1.2 T"¥ at leading order

Like in the CGC, the leading order (tree level) contribution to the energy-momentum tensor
can be expressed solely in terms of a classical solution ¢ of the field equation of motion.
Namely, one has

2

1
THY (x) = 3" @dYp — g [E(aa@)z — %

'In the actual numerical implementation of the model, the time dependent prefactor also contains a factor that
makes it vanish when x° — —oo in order to have a free theory in the remote past.

@4} , (6.3)
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where

g 3
DQP‘F?(P =],
lim @(x%x)=0. (6.4)
x0——o00

Clearly, due to the non-linear term in the equation of motion, the solution ¢ (and hence the
coefficient cy) depends on gJ to all orders. This LO energy momentum tensor is conserved?,

0. THY = 0. (6.5)

Figure 6.1: Components of T!\” for a spatially uniform external source. To perform this calcu-
lation, we have taken in eq. (6.4) a source ] = g~ Q36(—x0)e°on (withg = 1,a = 0.1
and Q = 2.5), that disappears adiabatically in the remote past.
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If the source | is taken spatially homogeneous, then the energy-momentum tensor evalu-
ated at leading order takes the simple form:

€, 0 0 O
0 p, 0 O

HY () —
TLO (X) - 0 0 Pio 0 ) (66)
0 0 0 P
with the leading order energy density and pressure given by
1, ¢
€o = Q(Pz + I‘PL‘
1 2
Po = 5(92 - ?T,(P“ - (6.7)

It is trivial to check that the energy density €, is constant in time at x° > 0 (after the
external source | has been switched off), while the pressure p,, is a periodic function of time
at x° > 0, as illustrated in the figure 6.1. Clearly, at this order of the calculation of €, and
PLo» one does not have a well defined (single-valued) relationship €, = f(p,,): in other
words, there is no equation of state at leading order in g?.

2Strictly speaking, this is true only at x° > 0. At negative times, some energy is injected into the system by the
external source J.

139



6.1.3 T"V at next to leading order

At next to leading order, the energy momentum tensor can be written as

Thy = Q' =0"d"p +0"pdYe —g" [aaﬁa“@ - BU’(@)} +
&k 5 v
+J (2m0)32k [auafka a+k_gT(acxafka(xa+k —U"((P)afkch)} )

(6.8)
where for brevity we use the notation U(@) = g?@*/4! (and the prime denotes a derivative

with respect to ¢). In this formula, 3 and a4y are small field perturbations, that are defined
by the following equations:

[0+ U (9)]ask =0

Olim app(x) = etk
1 d3k
" _ Yy
[0 U 0)] B = —3U(0) [ sz a-as
lim B(x)=0. (6.9)
x0——o00

Note that since in our model the classical field ¢ is spatially homogeneous, the equation of
motion of aiy simplifies into

ox + (K2 +U"(@))ask = 0. (6.10)

Moreover, for the same reason, the field fluctuation 3 depends only on time.
After some algebra, it is easy to check that the energy-momentum tensor is also conserved
at NLO? for x° > 0,
0, TH =0. (6.11)

NLO

The 00 component of TF Y gives us the energy density at NLO,

1 a3k
! J e [akdi+ 0+ U lp)avan] . 612)

€xo = fs(P + ﬁu/((p) + (27’[)32k

Given eqs. (6.9), it is straightforward to verify that this correction is also constant in time,
€uo = 0, in agreement with eq. (6.11). The 11 component of eq. (6.8) —the NLO pressure in
the x direction— reads

B BU(9) 1 [ 22K [ a8 -2+ (g) (6.13)
Pyo = PP ® 2 (27’[)32]( A _xkQix X P))axaix| - .
We have evaluated numerically €, and p,,, for a coupling constant g = 1, by first solving
egs. (6.9) for 3 and for the ay’s (for a discretized set of k’s). The results of this calculation
are shown in the figure 6.2. From this evaluation, we see that the energy density at NLO is

3Naturally, this was obvious from the start. Indeed, since the conservation equation 3, T*Y = 0 is linear in the
components of THY, it does not mix the different g2 orders and therefore the conservation equation must be satisfied
by each order separately.
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Figure 6.2: Components of T),7 for a spatially uniform external source. This calculation has
been done for g = 1.
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constant at x° > 0, as we expected*. We also notice that for g = 1, the NLO correction to
the energy density is very small, of the order of 1.4% of the LO result’. Thus, we conclude
from this that for such a value of the coupling, we have a well behaved perturbative expansion
for e. However, the NLO pressure behaves quite differently: not only it is not constant (and
hence there is no equation of state at NLO), but it also has oscillations whose amplitude grows
exponentially at large x°. Therefore, the NLO correction to the pressure eventually becomes
larger than the LO contribution, and the perturbative expansion in powers of g2 breaks down.
Another noticeable fact is that at x° = 0, p,, is still is small correction to p, ,; it is only later
that it becomes large.

6.1.4 Interpretation of the NLO result

The divergence of the pressure at NLO can be understood as a consequence of the unstable
behavior of ak(x) for some values of k. The stability properties of the small fluctuations in
¢* field theory are well know:

i. There is a range in |K| where the ay’s diverge exponentially in time, due to parametric
resonance. On the figure 6.3, we have represented the Lyapunov exponent as a function
of the spatial momentum of the fluctuation®.

ii. The zero mode k = 0 fluctuation, ag, diverges linearly in time, a phenomenon closely
related to the fact that the oscillation frequency in a non-harmonic potential depends
on the amplitude of the oscillations.

In addition, one observes numerically that the fluctuation modes in the vicinity of k = 0,
although they are not mathematically unstable, can reach quite large values (they appear to

4This time independence can be seen as a test of the accuracy of the numerical calculation, because it results
from a cancellation between several terms that grow with time.

SIndeed, since there is a prefactor 1/4! in our definition of the interaction potential, g = 1 corresponds to fairly
weak interactions.

6For a discussion of parametric resonance in other approaches and contexts (in particular inflationary cosmology),
see [181-185].
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Figure 6.3: Lyapunov exponent for small fluctuations in a ¢* scalar theory.
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grow linearly for some time, before going down again). Because of the existence of these
modes that grow in time, integrals such as

3
Ix°) = J% a_x(x)ask(x) 6.14)

that appear in the components of T" " or in the right hand side of the equation for {3, have
secular divergences as illustrated in the figure 6.4. In this plot, one can check that the en-

Figure 6.4: Numerical evaluation of the integral defined in eq. (6.14). We also show an expo-
nential fit of the envelope.
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velope of the oscillations grows exponentially, with a growth rate A & 2 * [y, Where [y,
is the maximal Lyapunov exponent in the resonance band. Note that, if the same integral is
evaluated with an upper cutoff that excludes the resonance band from the integration domain,
then I(x°) grows only linearly, because now its behavior is dominated by the soft fluctuation
modes whose growth is only linear.

Secular divergences in integrals such as eq. (6.14) cancel in the calculation of €, , because
the energy density is protected by the conservation of the energy momentum tensor. However,
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they do not cancel in p,,,, and this is why we have the divergent behavior displayed in the
figure 6.2.

6.1.5 Resummation of the NLO corrections

Like in the CGC framework, one can formally express the NLO correction to the energy-
momentum tensor as the action of a certain operator on the LO contribution,

3

THY (x) = ” dup ~Tu+]§ J d*ud’v J (th)irmc [aix-Tulla_x -Tv]} THY(x), (6.15)

where the operator T, is the generator of shifts of the initial conditions @, 09 @0 (at x0 =0)
of the classical field:

5

a(o, u)L + a(o, u)m .

a-Ty
dpo(u)

(6.16)

As we have seen in the Yang-Mills case, a simple resummation that leads to an energy-
momentum tensor which is finite at all times consists in starting from eq. (6.15) and in expo-
nentiating the quadratic part’ of the operator inside the square brackets,

1 d3k
nv — - 3 3 . . wv
T mmea (%) = exp | ZJd ud vJ7(2n)32k[a+k Tula - T|TE ). 617

Here also, this formula can be recasted as a functional integral over fluctuations® for the initial
condition of the classical field ¢,
T esummed = J[Dcv(x)Déc(xH Flot, &] TV (@0 + o (6.18)

where the distribution F[x, ¢&] is Gaussian in «(x) and &(x), with 2-point correlations given
by:

3
(a)aly) = [ g arkOX)aw0,y),

o k| .
<(X(X)(X(y)> = J m a+k(0,x)a,k(0,y) . (6.19)
When the background field is zero (i.e. in the vacuum), the ay’s are equal to the ordinary
plane waves. In this case, it is easy to check that the expression in Fourier space of this
distribution reads

a%k [eal® + k?|o?
(2m)3 k ’

Flotk, 6] = exp [— J (6.20)

where oy, & are the spatial Fourier transforms of «(x), &(x) respectively. This expression
of the vacuum quantum fluctuations is identical to the one derived in [4] by using the path
integral formulation of the problem.

7One could also include the linear term {3 - Ty, in the resummation simply by shifting by an amount 3(0, x) the
central value of the Gaussian ensemble of initial conditions. However, since this central value is of order O(g" )
while 3(0,x) ~ O(g), such a shift can be safely neglected.

8This formula was first proposed in [181], and applied to the reheating problem in cosmology in [186]. In field
theories at finite temperature in equilibrium, similar classical approximations have been studied in [187, 188].
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6.2 Toy calculation with uniform fluctuations

6.2.1 Introduction

Before presenting the full results of an actual numerical evaluation of eq. (6.18), let us first
present the results of a calculation in which one includes only spatially homogeneous fluctu-
ations. Even tough this is not realistic, this much simpler calculation will be very instructive
regarding the possible effect of these fluctuations on the behavior of the energy-momentum
tensor.

When we consider spatially homogeneous fluctuations only, the main simplification is
that the functional integrations over the fields o« and & in eq. (6.18) become ordinary integrals
over a pair of real numbers, with a Gaussian weight :

2 22
Z(o, &) = exp {— (2“01 + zo‘czﬂ . 6.21)

The two parameters o7 > can be used in this toy calculation in order to control the magnitude
of the fluctuations: in the limit 07 > — 0, we recover the leading order case that has no
fluctuations at all.

The second important simplification in this toy calculation is that, since both the underly-
ing classical field and the fluctuations are spatially homogeneous, the field equation of motion
is not a true partial differential equation but an ordinary differential equation. Therefore, we
do not need to use a lattice in order to solve it numerically. The expressions for the energy
density and the pressure read

1
¢ = (0P+ule)

(39 -u@) (622)

2 o, &

<
|

where ¢ is the solution of the classical equation of motion whose value at x° = 0is @o +
(and ¢o + « for its time derivative). The brackets < e >cx & denote an averaging over all
possible values of «, & with the distribution of eq. (6.21).

6.2.2 Energy momentum tensor

In the figure 6.5, we display the result of this calculation in the limit where we do not have
fluctuations (sigmaj > — 0), and naturally we get a result which is equivalent to the one
displayed in the figure 6.1 for the plain leading order calculation. Note that in this figure, for
reasons that will become obvious shortly, we have represented the energy density divided by
three. In the figure 6.6, we show the results of the same calculation performed with non-zero
widths o7 > for the Gaussian distribution of fluctuations. We observe a striking difference
compared to the previous (LO) figure: now, the oscillations of the pressure are damped and
the value of the pressure relaxes to €/3. In other words, we now have a single-valued rela-
tionship between the pressure and the energy density, i.e. an equation of state. Moreover, this
equation of state, € = 3p, is that of a scale invariant system in 1 4+ 3 dimensions.
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Figure 6.5: Components of T*Y when no fluctuations are included (i.e. at leading order).

Figure 6.7: Phase-space distribution of the ensemble of classical fields, at various stages of the
time evolution.
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6.2.3 Phase-space density

It is also instructive to look at the phase-space density Fy(@, @) of the points (¢, @) as
the system evolves in time. This is shown in the figure 6.7. Att = 0, we start with a
Gaussian distribution of the initial conditions, with a small dispersion around the average
values (¢ = 10 and ¢ = 0 in our example).

Each initial condition then evolves independently according to the classical equation of
motion, and the corresponding trajectory in the (¢, ¢) plane is a closed loop’ due to the
periodicity of classical solutions. One observes that the initially Gaussian-shaped cloud of
points starts spreading around a closed loop, to eventually fill it entirely in the limit of large
times. When this asymptotic regime is reached, the density (¢, ¢) depends only on the
energy (i.e. roughly speaking on the radial coordinate in the plot of figure 6.7) and no longer
on the angular coordinate.

A more formal way of phrasing the same result is to first note that the time evolution of
the phase-space density J; obeys the Liouville equation,

0F
—— +{F,H} =0, (6.23)
ot
({-, -} is the classical Poisson bracket) and that if a stationary distribution is reached at late

times, it can only depend on ¢ and ¢ via H(@, ¢).

The asymptotic behavior of the phase-space density in our toy model is reminiscent of a
micro-canonical equilibrium state, in which the phase-space density is uniform on a constant
energy manifold. In other words, all the micro-states that have the same energy are equally
likely.

6.2.4 Interpretation of the results

Of the previous numerical observations, the easiest to understand is the spreading of the
phase-space density around a closed orbit. Because the oscillations are non-harmonic', the
various points rotate at different speeds: in a @* potential, the outer points rotate faster than
the inner ones. Therefore, as time increases, the cloud of points spreads more and more due
to this effect.

One can estimate the time necessary for the clouds of points to spread over a complete
orbit. This happens when the angular spread of the points reaches the value 27t. For one field
configuration, this angular variable is (up to a phase that depends on the initial condition,
small in our case if we start from a narrow Gaussian distribution) 8 = wt, and the angular
velocity w depends only on the energy of that particular field configuration. If we consider
two field configurations, their angular variable difference A@ drifts apart linearly in time,
AB = Awt, where Aw is the difference between their angular velocities. In the case of a
g% @* /4! potential, it is easy to prove that

T QQmax
W= e~ 0.346 gPma » (6.24)
5 A=

9These loops are constant energy curves %(DZ + U(p) =H.

10The assumption of a scale invariant theory simplifies the expressions here, but is not crucial to the argument.
The only requirement for this phenomenon is that the frequency of the oscillations depends on their amplitude; thus
any non-harmonic potential will lead to similar results.
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where @, is amplitude of the oscillations of ¢. Thus, the angular shift between the pair of
field configurations is also A8 ~ 0.346 gA@max t, and this shift reaches 27t in a time

182
9APmax
After this time, the two fields have become completely incoherent. We see that this time is
inversely proportional to the coupling constant g, and to the difference of the field amplitudes.

Thus a narrow initial Gaussian distribution will need a longer time to spread around the orbit
than a broader initial distribution.

(6.25)

Once we know that the phase-space density spreads uniformly on constant energy curves,
it is easy to understand why the pressure relaxes towards €/3 when we let the initial condi-
tions for the classical field fluctuate. The trace of the energy-momentum tensor (assuming 4
dimensions of space-time) is

TH.=9 (D(p +4U£p(p)) —0a(@d%g) . (6.26)

A scale invariant theory in four dimensions is a theory in which the interaction potential obeys
U/(@) = 4U(@)/@. This is the case of a @* interaction. Therefore, the first term in the right
hand side of the previous equation vanishes thanks to the equation of motion of the classical
field @. This results shows that the energy-momentum tensor of a single configuration of
classical field is not zero in our model, but is a total derivative. In our simplified toy model
where the fields are spatially homogeneous, the previous relation simplifies into

dle@)
dt -

When integrated over one period, the trace of the energy-momentum of one classical field
configuration vanishes, because the classical field is a periodic function of time,

T, =— (6.27)

_ 1 t+T

TH, = T Jt dt T (@(1),¢(T)) =0. (6.28)
(The result of the integral is in fact independent of the starting time t used to compute the
average.) When we calculate the energy-momentum tensor averaged over fluctuations of the
initial conditions, we are in fact performing an ensemble average weighted by the phase-space

density Fi (o, ¢),
(M) = | 00 T2l0,9) Tul0, ), (6.29)

and the time dependence of the left hand side comes from that of the density J. In order to
use the previous observation about the long time behavior of the density J;, it is convenient
to trade the integration variables @, ¢ for energy/angle variables E, 0,

T = J dEdO F((E, ) T, (E, 0) , 6.30)

where ?t is the phase-space density in the new system of coordinates (it is equal to the
original F; times the Jacobian of the change of variables). Our first result can be stated as the
fact that T (E, 0) becomes a function of only E (let us denote it by Foo (E)) when the time is
large enough. When this happens, we can rewrite the previous equation as

T, jdEGfoo(E) j d0 T, (E, 0) . 631)

o, & t—oo

147



The crucial point here is that the integral over 0 is nothing but the integral over one orbit for
a single classical field configuration,

27 t+T .
Jde T, (E, 0) = ?J dt T (@ (1), § (1)) = 0. (6.32)

t

Thus, we have proven that

e —3p = (T",) 0, (6.33)

& ¢ Do
in agreement with what we have observed numerically. Moreover, from the derivation of this
result, it is clear that the time necessary to reach this limit is the same as the time necessary for
the phase-space density to become independent of the angular variable 0 (given in eq. (6.25)).

6.3 Equation of state

6.3.1 Implementation of the full spectrum of fluctuations

In the previous section, we have shown that averaging over an ensemble of initial conditions
for classical fields can lead the pressure to relax towards one third of the energy density.
However, this study was oversimplified since we used only fluctuations that are uniform
in space, and their Gaussian distribution was set by hand. However, quantum field theory
predicts what the spectrum of these fluctuations should be, in the form of eqgs. (6.19) and
(6.18), and leaves no freedom to handpick what fluctuations we use. Indeed, from these
formulas, we can make an ab initio calculation of the behavior of the pressure. The only
tunable quantities in the calculation are the scale Q (or more generally the source ]) that
controls the amount of energy injected into the system at t < O, and the coupling constant g.

Note that this spectrum of fluctuations for the initial condition for the field ¢ can be
obtained by parameterizing the initial field as

a3k
P10,%) = golx) + | e [ex ank(0x) + i aw(0,)] (634

where the cy are random Gaussian numbers with the following variance
{cxar) =0,  (cxc}) = (2m)°[KIs(k—1). (6.35)

This is the representation we adopt for the initial fluctuating fields. In order to implement it,
we must follow the following steps:

i. solve the classical equation of motion (6.4) from t = —oco (in practice some large and
negative time) to t = 0 in order to obtain ¢ (x),

ii. solve the evolution equation (6.9) for the a1y ’s fromt = —cotot =0,

iii. generate Gaussian random complex coefficients according to eq. (6.35) to construct an
initial field via eq. (6.34)

iv. evolve this field to the time of interest by using the classical equation of motion (6.4)
with ] =0,

v. repeat steps iii. and iv. in order to perform a Monte-Carlo average over the fluctuations
of the initial field.
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6.3.2 Relaxation of the pressure

Unless stated otherwise, the numerical results in this section have been obtained on a 123
lattice!'. The functional integration in eq. (6.18) is approximated by a Monte-Carlo average
over 1000 configurations of the initial conditions, distributed according to egs. (6.19).

In the figure 6.8, we show the result of the computation of the pressure averaged over
the Gaussian ensemble of initial conditions, for a value of the coupling'> g = 0.5. We also
show the energy density divided by three on the same plot. All the quantities in this plot

Figure 6.8: Time evolution of the pressure averaged over the initial fluctuations. All the resonant
modes are included in the simulation. The coupling constant is g = 0.5.
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are expressed in lattice units, which means that the horizontal axis is t/a (where a is the
lattice spacing) and the vertical axis should be understood as ea* or pa*. Note that the
lattice cutoff in this simulation is chosen to be just above the upper limit of the parametric
resonance window — therefore, all the resonant modes take part in the dynamics of the system.

We observe that the ensemble averaged pressure relaxes towards €/3. This plot, obtained
with the actual spectrum of fluctuations predicted by quantum field theory, is one of the
central results of this section. One can qualitatively identify two stages in this relaxation: (1)
in the range 0 < t < 50, the amplitude of the pressure oscillations decreases very quickly to
a moderate value and, (2) from time 50 onwards, one has a slower approach of the pressure
to €/3 that gets slowly rid of the residual oscillations. We will observe again this two-stage
time evolution when we look at the fluctuations of the energy density.

6.3.3 Influence of the resonant modes

In the section 6.3, we have seen that the pressure relaxes to €/3 even if only the mode k = 0
is included in the simulation. This was understood as an effect of the phase decoherence
that exists in a non-harmonic potential between classical solutions that have slightly different

n some instances, we have also performed simulations on 203, 323 and 643 lattices, and found only small
differences as long as the physical scales are below the lattice cutoff.

12Because of the prefactor g2 /4! in the interaction potential, a value g = 0.5 corresponds to a very weak coupling
strength.

149



Figure 6.9: Time evolution of the pressure averaged over the initial fluctuations. The lattice cutoff
is located below the resonance band in order to exclude them from the simulation. The
coupling constant is g = 0.5.
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amplitudes. When we include all the k-modes of the fluctuations, the situation becomes ar-
guably more complicated. In particular, the stability analysis of these fluctuations indicates
that in addition to a linear instability of the soft modes due to the above mentioned decoher-
ence phenomenon, there are also exponentially unstable modes in a narrow band of values k.

In order to assess the role played in the time evolution by the modes of the resonance
band, we have performed a second simulation with the same physical parameters, but where
the lattice cutoff is now placed just below the lower end of the resonance band. When one
does this, none of the modes that exist on this lattice has an exponential instability. Since the
resonance band is quite narrow, this is a small change of the cutoff in physical units (in the
first simulation, the cutoff was just above the upper end of the resonance band). However, one
can see in the figure 6.9 that excluding the resonant modes leads to some significant changes.

The final outcome, i.e. the relaxation towards €/3, is not changed, but the details of the
time evolution of the pressure are modified. Firstly, one observes a rather long delay during
which the oscillations of the pressure remain almost constant in amplitude. Then, at a time
of order 75 in lattice units, these oscillations are damped very quickly to very small wiggles
around €/3. Except for a brief relapse, the oscillations remain very small after this time. In
particular, the two-stage evolution that we observed with the full spectrum is now replaced
by the following two stages: (1) nothing happens and, (2) very rapid relaxation that leaves
almost no residual oscillations.

Therefore, it appears that the resonant modes, even if their presence or absence in the
resummation is not crucial for the final outcome, can alter significantly the time evolution of
the pressure. At this point, the precise role of the resonant modes is somewhat unclear, and
it appears that the dynamics of the complete system is much richer than what one can learn
by studying the linearized evolution of a single mode: the non-linear couplings between the
various modes (once the instabilities have made them large enough) seem to play an important
role in the evolution of the system.
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6.3.4 Dependence on the coupling constant

The simulation that led to the result of the figure 6.8 has been performed with a value g = 0.5
for the coupling constant — a very small value for our scalar field theory since there is also
a factor 1/4! in the interaction potential. We have studied the time evolution of the pressure

Figure 6.10: Time evolution of the pressure averaged over the initial fluctuations for various
values of the coupling constant: g = 0.5,1,2,4,8. All the resonant modes are included in
the simulation.
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for larger values of the coupling constant: g = 1,2,4,8, and the results are shown in the
figure 6.10. Note that this fluctuation is done at fixed energy density. Indeed, since Q is the
only dimensionful parameter of our model and since there is a factor 1/g in the source ], the
energy density behaves at leading order as € oc Q*/g2. Thus, if we increase g at constant
Q, the energy density decreases. Since our goal is to assess the time at which the pressure
obeys an equation of state in order to justify a hydrodynamical description of the system, the
comparison of the relaxation for various couplings should be done for systems that have the
same energy density. Therefore, in the comparison shown in the figure 6.10, the value of Q
has been adjusted in each simulation so that the energy density is always the same.

One can see in the figure 6.10 that the relaxation time decreases with increasing coupling
constants g. In the figure 6.11, we have represented the relaxation time —defined as the time
necessary to reduce the initial oscillations of the pressure by a factor 4— as a function of the
coupling constant g for our set of values of g. One can fit all the points except the last one
(g = 8) by a power low that suggest the following dependence

const
trelax = W . (636)

The last point in this plot is an outlier that does not follow this power law, possibly because
this value of the coupling is too extreme for our approximations/resummations to make sense.

6.3.5 Energy density fluctuations

The results we have shown so far indicate that the pressure in the system relaxes towards
the equation of state p = €/3, in time that decreases as the coupling constant increases.
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Figure 6.11: Points: relaxation time (see the text for the definition used here) as a function of the
coupling g. Line: fit by a power law.
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However, this study by itself does not tell much about the precise nature of the state reached
by the system. In particular, it is does not tell whether the system reaches a state of local
thermal equilibrium, although this is quite plausible given the behavior. Then comes the
question of how to characterize the internal state of the system: since we have strong fields,
it is likely that the system cannot be described in terms of quasi-particles with a momentum
distribution that would follow e.g. a Bose-Einstein law. In the section 6.3, we have seen
in a very simple case that the phase-space density reaches a stationary form reminiscent of
the micro-canonical equilibrium ensemble. Unfortunately, now that we are looking at a full
fledged quantum field theory, the phase-space is infinite dimensional and whether the same
happens is difficult to assess numerically.

There are however also signs of thermalization in the fluctuations of the energy distribu-
tion in the system. Of course, for the whole system the energy is constrained by conservations
laws and will not fluctuate, regardless of whether the system is in thermal equilibrium or not.
But by looking the energy fluctuations in a small subsystem, one can learn something about
the energy exchanges between this subsystem and the rest of the system — that now acts as
a thermal bath. Indeed, the energy in the subsystem is not fixed, and its fluctuations do not
have the same form depending of whether the subsystem is in equilibrium or not with its
surroundings. In particular, if a subsystem is in thermal equilibrium with a thermal bath, its
fluctuations are those of the canonical ensemble, that has a density operator p = exp(—fH).

We have computed these energy fluctuations for the smallest subsystem one can conceive
on a lattice, i.e. a single lattice site. In the figure 6.12, we display histograms of the values of
the energy on one site'?, at various times in the evolution. These curves have been normalized
so that their integral is equal to one, hence they can be interpreted as probability distributions
for the value of the energy on one lattice site. Att = 0, this distribution is very close to a
Gaussian, centered on the mean energy density in the system. The width of this Gaussian is
entirely determined by the Gaussian spectrum of fluctuations in eq. (6.19). As early times,
the distribution first remains Gaussian-like, but tends to broaden with time. Then, around
t ~ 30 in lattice units, we observe a rapid change of shape of this distribution: the peak of
the distribution shifts to lower values of the energy and the tail extends much further at large

131n lattice units, this is simply the value of T at one given site.
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Figure 6.12: Distribution of energy density on one lattice site, at various times of the evolution.
The coupling constant is g = 0.5.
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energy. Once this dramatic change of shape has taken place, the evolution of the distribution
is rather slow and a stationary distribution is reached at late times.

It is interesting to compare the evolution of the energy distribution on one lattice site
with the time evolution of the pressure in the figure 6.8. The initial rapid decrease of the
pressure oscillations is concomitant with the change of shape of the energy distribution. The
subsequent (slower) relaxation of the residual oscillations of the pressure occurs while the
energy has already reached an almost stationary distribution.

6.4 Spectral properties and thermalization

6.4.1 Introduction

In the previous section, we have seen that after a proper resummation of the leading secular
terms, the pressure converges towards its equilibrium value in a fairly short time —something
that would not happen with the unresummed expression of the energy-momentum tensor.
However, this study does not tell us much about the microscopic evolution of the system:
indeed, since the energy density and the pressure of the system are intensive quantities that
integrate over all the modes of the system, the existence of an equation of state identical
to the equilibrium one does not imply that the system is in full equilibrium. Equilibrium
requires a much more stringent microscopic arrangement of the system, in which the energy
is distributed among the various modes in a very specific way.

In this section, we pursue the study in order to elucidate the microscopic state of the
system. In particular, we would like to know whether the system is thermalized when its
pressure has relaxed to its equilibrium value, or whether on the contrary one could have
an equilibrium-like pressure tensor while the system is still far from equilibrium'#. A natural
quantity to study in order to address this question is the occupation number in the system, and

141n the 2 Particle Trreducible approach [185, 189-193] to the relaxation of a linear sigma model, it has already
been observed that an equation of state can be obtained much earlier than the complete thermalization of the system
[194].
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its time evolution. However, even before computing the occupation number, it is interesting
to ask whether the system can be described in terms of quasi-particles (this is not trivial:
although the system is weakly coupled, it is also very dense, and strong collective effects
may render the quasi-particles completely unstable). We first compute the spectral density
of the system, after having justified that it can be resummed in the same way as the energy-
momentum tensor. Then, we continue our study with the occupation number. We compute
it as a function of momentum up to very large times, and identify several stages in its time
evolution. From the occupation number, we perform several tests of the quasi-particle picture
(e.g. compare the measured mass of the quasi-particles, with its value at 1-loop, including
medium effects) and compute how the entropy of the system evolves with time. We end the
section with a discussion of some aspects of the classical field theory to which the original
quantum field theory is equivalent in our resummation scheme.

6.4.2 Lattice setup for the study of thermalization

A crucial ingredient in this process is the parametric resonance that exists in the ¢p* scalar
field theory, and therefore it is important that the ultraviolet lattice cutoff be large enough to
comprise the resonance band. If the source | is parametrically

3
L= 6.37
J g (6.37)

then the resonance band is located at momenta of order k ~ Q, and the UV cutoff A must
therefore obey Q < A. Setting up the lattice cutoff in this way is sufficient to study the
evolution of the system at short times, because on these time scales the occupation number
remains small above the resonance region, as we shall see later.

This is however not sufficient if we want to study the approach of the system to thermal
equilibrium. In order to see this, recall that the energy density in the system is parametrically

4
€~ % . (6.38)
g9
If thermal equilibrium is achieved, this energy density must also be given by the Stefan-
Boltzmann formula (at least for reasonably weak couplings),

e~T4, (6.39)

which tells us that the system would equilibrate at a temperature

Q. 6.40

For a numerical simulation to be able to approach the equilibrium state, the lattice ultraviolet
cutoff must be large enough to include modes of the order of the temperature, which is a
more stringent constraint than simply having the resonance band below the cutoff. At weak
coupling, this implies that the resonance band should be located towards the soft sector of the
lattice spectrum, i.e. in a region where the lattice mode density is rather low. In order to still
have a significant number of lattice modes inside the resonance band, we used a larger lattice
(of size 203), and we have chosen the value of the parameter Q so that the resonance band is
located near k &~ 1 (in lattice units, where the ultraviolet cutoff is at A = \/ﬁ).
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This choice of Q is significantly lower than the value used in the previous section (where
we were only interested in the early stages of the time evolution, dominated by the resonant
modes). This means a lower energy density, and larger time scales. Indeed, since our system
is scale invariant, energy density scales like Q and all the times scale like 1/Q. The resulting
time evolution of the pressure, for this choice of Q and a coupling constant g = 1, is shown
in the figure 6.13.

Figure 6.13: Relaxation of the pressure tensor towards the equilibrium value.
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6.4.3 Spectral function and quasi-particles
Definition and leading order

Before we study the time evolution of the occupation number in the system, it is interesting
to ask an even more elementary question: can the system be described in terms of quasi-
particles, or on the contrary does it interact so strongly that no identifiable quasi-particles
show up in its spectrum? To that effect, one can compute the spectral function, defined as the
imaginary part of the Fourier transform of the retarded propagator'?

+oo
p(w,ky°) = 2Im J dtd®x e'te % * G_(y° 4 t,%x,4°,0) . (6.41)
0

In this formula, the retarded propagator is normalized so that
[0+ U (0(x)| Gy (x,y) = 8(x—y) (6.42)

for a classical field configuration @. A system in equilibrium is invariant under translations
in time, and therefore its spectral function defined in this way is in fact independent of the
time y°. However, for transient systems that are not yet in equilibrium, the spectral function
will evolve with time and the y° dependence is important.

15We assume here that the system is spatially homogeneous. This is the case in our setup since the source ] does
not depend on x.
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At leading order, we simply need to obtain the retarded propagator in a classical back-
ground field @(x),

Go(xy) =) , (6.43)

where the grey blobs denote the retarded classical field @(x) and the lines with an arrow
the bare retarded propagator (the sum is over the number of insertions of the classical field,
from 0 to +00). In a numerical calculation, the simplest way to compute this propagator is to
consider a small field perturbation a(x) in that background, that obeys the following equation
of motion

O+ W) alx) = 0. (6.44)

The fluctuation a(x) can be related to its value at the time y° by the following Green’s
formula

alx) = [ @y [6200y) (3galy]) - (@562 (x,v)) aly)] | (6.45)

that involves precisely the propagator we are looking for. Thus, by choosing the following
initial conditions at time y°,

a(y®y) =0, Nal’y =5y, (6.46)
the perturbation a(x) is precisely the propagator we need in eq. (6.41),
G’;;’(xo,x,yo,O) =a(x%x). (6.47)

Thanks to this observation, we reduce the problem of finding the retarded propagator at lead-
ing order to that of solving the equation (6.44) with the initial conditions of eq. (6.46), which
is easily doable numerically'¢.

Next to leading order and resummation

At next to leading order, three topologies must be evaluated'”:

X X X

GYo(x,y) = (6.48)

where the both the propagators and the vertices are dressed by the classical field ¢(x). The
first topology is the same as the retarded propagator at leading order, in which one of the ¢

160n a lattice, the delta function that appears in the initial condition for % a(y°, y) becomes a Kronecker symbol:
the derivative is zero at all points of the lattice except at the origin (0,0,0) where it is equal to one.

17 Although these diagrams seem to involve cubic vertices, this is not the case. These vertices where three lines
merge are in fact proportional to U’/ (¢(x)), and are thus proportional to an extra ¢ (x) that does not appear explicitly
in the diagrammatic representation.
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insertions has been replaced by a 1-loop tadpole 3 defined in eq. (6.9). Given that this tadpole
is given by (see the eq. (39) in [5])

3

B(x) = HdguB'Tqulj'dsud% J(zdi

3 a0k Tullaow 1] 0(x), (649)

it is easy to check that this contribution is related to the leading order one by the following
functional identity

(e Tulla Tl Getoy),
(6.50)

1 d3k
NLO1 _ 3 . -z 3,43
GY (x,y)fud up T“+2Jd ud VJ(zn)szk

where the subscript ‘=¢’ indicates that the two operators T, T, in the second term should
act on the same field ¢, i.e.

[TuTy| oxi) - @lxn) =

same @

=) o) olxi1) [TuTv] (P(Xi)] e(xit1)-@xn) . (6.51)
By using the formula
d3k
G (x,y) = J' (2r)P2x ax(x)a_x(y), (6.52)

the second topology can be written as follows,

3

1 d°k
GI\RILOZ(X,U) = |:§Jd3ud3v J’m[a+k'l‘u} [afk"]rv}:l ) G];O(ny) ) (653)

same U (@

where the subscript ‘same U” (@)’ indicates that the two operators T, T, should act on the
same compound U" (@) —one operator on each field of U”(¢). The third topology can first
be written as

Gy (x,y) = [ @'wd’z G 0u Wi (w, 216 (2, v) (654

where ZIRIOOP is the 1-loop retarded self-energy,
TP (w, z) = L1 (w, z) — Z1P (w, 2) . (6.55)

Next, one can rewrite this self-energy as

L1 (1, 2) = %u’”(cp(w))u"’(cp(znego(w, 2) |G (w,2) + G, (w,2)] , (6.56)

where the prefactor 1/2 is the symmetry factor of the loop. By combining eqgs. (6.54) and
(6.56) and by using (6.52), one can finally prove

3

1 d k
NLO2 =|=-|dud®v | ——— Ty lla_q-T Lo .
GR (%, y) |:2 Jd ud’v J (27’[)32k[a+k uwlla_x V]:|dislinct o's GR (x,y), (6.57)
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where the qualifier ‘distinct ¢’s’ indicates that the two operators T, T, must act on two
fields @’s that are inserted at different points on the LO propagator G1°. Adding egs. (6.50),
(6.53) and (6.57) therefore simply lifts any restriction on the action of these operators, and
we obtain

3

1 d°k
GY° (x,y) = HdSu B-Tuts J Buddv Jm[a+k-m k- T] G x,y)

(6.58)

This formula is formally identical to the formula we have obtained previously for the energy-
momentum tensor at NLO, and it leads to the same pathologies due to the presence of secular
divergences. Likewise, the problem can be cured here by performing the same resummation
as in the case of the energy-momentum tensor, that amounts to exponentiating the quadratic
part of the operator in the square brackets in eq. (6.58) (as in eq. (6.17)):

1 d3k
Gt (x, ) = exp [E J d3ud3vJ Gk (@ Tulla TV]} G0 (x,y). (6.59)
This resummation amounts to a functional average over Gaussian fluctuations of the initial
condition of the classical field at x° = 0,

Grmmes — J [Da(x)Dé(x)] Flo, & G [go + o (6.60)

where the Gaussian distribution F[x, &] is defined in eq. (6.19). Therefore, in order to com-
pute the resummed retarded propagator, we should repeat the procedure outlined in the sec-
tion 6.4.3 for every classical field ¢ obtained from an ensemble of initial conditions @¢ + «,
where o samples the Gaussian distribution Flex, &].

Numerical results

At the initial time (see the figure 6.14), the spectral function has a fairly complicated structure.
Although the large k modes have a single spectral peak at w = |k|, the situation is richer
in the soft sector. There, besides the main branch that continues to large k, the spectral
density exhibits additional branches. One of them corresponds to a higher mass excitation,
and another one has a mass comparable to the main branch but an anomalous dispersion such
that the frequency decreases while the momentum increases. Therefore, at early times, the
quasi-particle picture is not a good description of the degrees of freedom in the system.

As the time increases, these extra branches in the spectral function decrease in amplitude
and eventually disappear, starting with the higher mass excitation. Ultimately, only the main
excitation remains, as one can see in the plot on the right of the figure 6.15 at a time y° =
3000. At intermediate times (such as y® = 400, represented on the plot on the left of the
figure 6.15), one gets closer to the spectral function of a system made of quasi-particles,
with only small remnants of the structures that existed at early times. It is interesting to
note that the characteristic time for the disappearance of the extra branches in p(w, k;y°) is
comparable to the relaxation time of the pressure, that we have found in the previous section
to start at a time of the order of y° ~ 100.

Quasi-particle mass

In order to further assess the existence of quasi-particles in the system, one can fit the main
branch of the spectral function by a function of the form w = v/ k? +m2. The result
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Figure 6.14: Spectral function p(w, k;y® = 0.0) at the initial time. The computation is done on
2207 lattice, for a coupling constant g = 1. In this plot, k denotes the lattice momentum, i.e.
\/2(3 — cos(2ml/L) — cos(2rm/L) — cos(2mn/L)) on a L? Iattice (1, m, 0 is the triplet of
integers in the range [0, L — 1] that labels a given momentum state).
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Figure 6.15: Spectral function p(w, k;y°) at the times y° = 400 (left) and y® = 3000 (right).
The computation is done on a 20% lattice, for a coupling constant g = 1.
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of this fit is shown in the figure 6.16. One sees that the mass m resulting from this fit is
not stable until a time y° ~ 100, and becomes much more regular afterwards. This is in
agreement with the previous qualitative observation that only the main branch of the spectral
function survives after this time. Moreover, after yo > 1000, the mass of the quasi-particles
that populate the system decreases slowly with time, indicating that the system is not yet
completely equilibrated (the change in the mass of the quasi-particles reflects a change in the
occupation number of the various modes of the system, that we will study more directly in
the following section). If one takes as a crude estimate the Hard Thermal Loop [195, 196]

Figure 6.16: Green line: quasi-particle mass obtained by a fit of the main dispersion branch with
a function of the form w = \/k? +m2. Blue line: 1-loop analytic calculation from the
occupation number. Red line: 1-loop gap equation that resums recursively all the daisy
diagrzu?s. (See the text in section 6.4.5 for explanations regarding the curves labelled miTL
and Mi_jo0p-)
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expression of the medium-generated mass (see for instance [197], pp 41-45),

3k
m2 =g J (22)73& fie 6.61)
as a function of the occupation number fy, we can interpret the decrease of the mass as a shift
of the occupation number from low k to higher k’s. In other words, while our system starts
with most of its energy contained in the soft modes, higher-k modes are progressively pop-
ulated by a top-down (in length scale) cascade process, which makes the medium-generated
mass decrease with time.

A word of caution should be added about the width of the quasi-particles. The width
of the spectral peak in the figures 6.14 and 6.15 is probably not the physical width: for
practical reasons the numerical computation of the Fourier transform in time in eq. (6.41)
cannot integrate up to very large times'®. Thus the width we see in the resulting plots is
to a large extent contaminated by the fact that the time interval is finite in the numerical
calculation (for the physical width to be visible unambiguously in these plots, the length of
the time interval would have to be much larger than the lifetime of the quasi-particles).

80ne can check in the free case that this is a very singular Fourier transform. At k = 0, it is of the form
Sroo dt t exp(iwt) ~ & (w).

160



6.4.4 Occupation number
Expression in terms of G, _ and G_
Now that we know that at times x° > 100, the spectral content of the system reduces to

simple quasi-particles, it makes sense to compute their occupation number. Recall that the
creation and annihilation operators a};, ay are related to the field operator ¢ via

ax = in3x etkx %’XO (%)

=3

d(x) . (6.62)

. 3 Cikex 2
al. = —1dee YYDk
From this, we get the following two reduction formulas

. — —
<aLak> = Jd3xd3y etk (x—y) Jx0 Dyo G+,(x,y)lxo:yo

<aka£>

with the understanding that the times x° and y° are set equal only after the derivatives have
been evaluated.

. — —
J'd3xd3y e ) 9 00y Gy (% Y)leoyo (6.63)

It turns out to be more straightforward to calculate the sum of these two expectation
values,

. — —
<aLak + axal > = J d3xd3y et x7v) 5, dyo Gs(x,y)lxo:yo (6.64)
where Gs = G _ + G__, because in our framework the symmetric propagator G is easier
to compute than the separate G.+o. The occupation number f is related to the left hand side
of eq. (6.64) by
26iV(1+2fi) = (alax + axal ) (6.65)

where V is the volume of the system and wy the dispersion relation of the quasi-particles.

Calculation of G

Let us now see how to compute the symmetric propagator G (x,y) at LO, NLO and in the re-
summation scheme we have developed to cure the pathologies related to secular divergences.
At leading order, it is simply given by the product of two classical fields at the points x and

Y,
GY(x,y) =20(xX)e(y) . (6.66)

At next to leading order, G is made of two pieces:

i. a 1-loop correction {3 to one of the factors ¢ of the LO result,

ii. a connected tree contribution G5 = G + G_, that links the points x and y,
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G2 (x,y) = 2[B)o(y) + @ (X)BW)] +Gs v, ) - (6.67)

The second term is given by

3
5050 = | gy [@k(¥Iakly) + awxdanly)] (6.68)

The a41’s can be formally related to the classical field @(x) by (see eq. (2.98))

aax(x) = J Pu sk - Tul o(x) 6.69)

while for the tadpole 3 we can use eq. (6.49). Then, it is straightforward to combine the two
terms to obtain

3

GYo(x,y) = ”dsu B-Tu+%J'd3ud3v J(ziﬁ[aw-ﬂfu][a_klfv]} G (x,y) .

(6.70)

From here, it is clear that one can perform the same resummation, where one exponentiates
the quadratic part of the operator in the square brackets. This amounts to an average over
Gaussian fluctuations of the initial classical field at x° = 0,

Gresummed (x 4y) = ZJ [DaDa] Flo, &] {(p(x)(p(y)} (6.71)

)
o+

where the subscript @¢ + o indicates the initial condition used at x° = 0 to start the evo-
lution of the classical field ¢. F[x, &] is the Gaussian distribution of fluctuations defined in
egs. (6.18) and (6.19).

Time evolution of fy

By combining the previous results, the occupation number obtained in this resummation
scheme can be written as

1 2

UL J[Dchdc]F[oc,éd

. 3, ikex (o (0 : 0
2 2wV J'd xe (p(x",%x) +iwke(x”,%x))

Qo+

6.72)

In the evaluation of this formula, we use for the energy wyx = V/ k? -+ m2 with the mass
fitted in the previous section (thus, we use a different mass at each time x9). The result of this
calculation is displayed in the figure 6.17, where we show the occupation number at various
stages of the time evolution, as well as three fits that we shall discuss shortly.

Let us first briefly describe the main stages of the time evolution. At the initial time t = O,
only the zero mode is occupied and the higher modes have a negligible occupation number.
This is a direct consequence of our setup, where the classical field is initially driven by a spa-
tially homogeneous source. Then, shortly afterwards (this is already visible in the spectrum
at t = 20) one sees an increase of the occupation in the non-zero modes, concomitant with
a decrease of the occupation in the zero mode (barely visible in the figure, due to the loga-
rithmic vertical scale). The increase of the non-zero modes is most pronounced in a narrow
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Figure 6.17: Occupation number fi at various times in the evolution of the system. The grey
band represents a fit by a Bose-Einstein distribution. The dashed red band is a fit by a pure
power law k>3 The thin black line is a fit by a distribution of the form given in eq. (6.74).
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band of k, where it peaks more than an order of magnitude above the rest of the curve. One
can check'® that this band of k coincides with the band of parametric resonance that we have
discussed in detail in [11]. Thus, it appears that the dominant physics at early times is that of
resonance, which leads to a quick increase of the occupation number in a narrow region of k.
After t = 1000, the resonance peak has disappeared and the evolution becomes fairly slow.

Let us now discuss fits of the occupation number, that are represented in the figure 6.17.
The first two are a fit by a Bose-Einstein distribution,

1

fi (k) = eBlor— 1 (6.73)
and a fit by a classical distribution of the form
T 1
Telass (k) = T 5= (6.74)
Wk — U 2

Interestingly, the best fit we could achieve with a Bose-Einstein distribution required a non-
zero chemical potential. Although the particle number has no reason to be conserved in this
theory (there is no symmetry protecting it), this suggests that changes of the particle number
are slow compared to the evolution of the distribution in momentum space: a chemical po-
tential at the latest times we have considered indicates that the particle number has not yet
reached its equilibrium value (and its positive sign means that we have a particle excess). At
weak coupling, this is rather natural: inelastic processes have a much smaller rate than the
elastic ones?’, and therefore at intermediate time scales the number of particles is an approx-
imately conserved quantity. In order to check this hypothesis, we can evaluate the number
density it by summing the occupation number over all the modes k. This has been done in the
figure 6.18. One sees indeed that, after a period of somewhat erratic evolution (that roughly

19See the appendix B of [11].

20For the 434 scalar theory that we consider here, 0 ~ 94, while Ojpe; ~ gg. The hierarchy between the elastic
and inelastic time-scales is certainly less pronounced in QCD (see [198]) and there it is unclear whether there is
enough time for the formation of a transient state that has a non-zero chemical potential.
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Figure 6.18: Time evolution of the quasi-particle density in the system. Gray band: fit of the tail
with a power law t /4,
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corresponds to the time necessary to have well defined quasi-particles in the system), the
number density decreases very slowly at late times, as a small negative power of time.

It is also obvious from the figure 6.17 that a Bose-Einstein distribution does not fit well
the occupation number in the tail at large k. In fact, the contrary would have been surprising,
since this computation is essentially semi-classical. Naively, one may expect to obtain a
classical distribution of the form T/(wyx — 1) (again, a non-zero p is allowed if number
changing processes are very slow), but one can check that such a distribution does not produce
a better fit of the tail®'. It turns out that this drop has a rather trivial explanation. Firstly, note
that a very good fit is obtained with the distribution given in eq. (6.74) (the thin black line
in the figure 6.17), that differs from the naive classical distribution by an extra —1/2 term.
This extra term, that makes the fit considerably better, has a trivial origin: it comes from the
—1/2 in the equation (6.72), which in the derivation of the formula for f} can be traced back
to the non-zero commutator between creation and annihilation operators. Keeping this —1/2
correction in the definition of the occupation number for a semi-classical calculation is to
a large extent an arbitrary choice. Indeed, such an approximation is expected to reproduce
correctly the underlying quantum theory only in the region where the occupation number is
sufficiently large. When this is the case, one has fi 4+ 1/2 = fy, and therefore this 1/2 is not
very significant. This also means that the drop of the occupation number at k > 2 in the figure
6.17, although perfectly understandable in our semi-classical approximation, is obviously not
a physical feature of the underlying quantum theory®?. In our setup, there is one advantage
in keeping the —1/2 in eq. (6.72) though: if one does the same computation with a vanishing
source | = 0, one gets identically fi = 0, which is of course the exact answer. Without this
—1/2, one would have obtained fi, = 1/2.

21 At first sight, one could be tempted to blame this drop in the tail on the rarefaction of the lattice modes at large
k. However, this hypothesis does not hold if one does the same simulation with lower physical scales: this leads to
a similar drop, but at a smaller value of k. If the drop was caused by lattice artifacts, one would expect it to occur at
a fixed value of k (in lattice units), no matter what the physical scales are.

21nterestingly however, the —1/2 term in eq. (6.74) is nothing but the second term in the expansion of the Bose-
Einstein distribution in powers of (wy — p)/T. Therefore, at a formal level, keeping this 1/2 correction in the
present semi-classical computation gives a better approximation of the full quantum theory. This point was already
discussed extensively in [199, 200] in the context of the Boltzmann equation.
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Kolmogorov turbulence

At t ~ 200, the modes in the resonance band reach their maximal occupancy, and start to
subside afterwards, while the other non-zero modes continue to increase. While the resonance
peak progressively disappears, one sees in the figure 6.17 that the occupation curves tend to
accumulate in the intermediate k range on a fixed line that is well fitted by a power law
k=5/3. In this regime, the zero mode continues to decrease, while the occupation curve
extends slowly into the hard region.

Such a scaling with an exponent —5/3 in the power law is well know in the physics of
turbulence (see the first part of [201] for instance). Typically, in Kolmogorov’s turbulence,
the energy cascades to the hard modes from a source localized in the soft sector, with an
intermediate stationary distribution in between, that follows a power law k—>/3. In our case,
the zero mode plays the role of this source, since it was initially the only occupied mode.
In contrast to the usual setup in the study of Kolmogorov’s turbulence [201], our system is
closed and eventually the zero mode will run out of energy and will not be able to feed the
cascade anymore. However, in our simulation, we have not reached the time at which this
starts to happen.

Bose-Einstein condensation

In the figure 6.17, we saw that the occupation number at late times is best fitted by a distribu-
tion of the form of eq. (6.74). This fit however calls for two comments:

i. the occupation number of the zero mode is well above the curve provided by this fit,

ii. the best value of the chemical potential (1 = 0.54) is very close to the mass of the
quasi-particles at this time, m = 0.58.

These two seemingly unrelated facts have in fact a common interpretation. As we have seen
before, a chemical potential arises because the number of quasi-particles evolves very slowly
in this theory, and a positive u is the reaction of the system to accommodate an excess of
particles. However, it is clear from eqs. (6.73) and (6.74) that p cannot be larger than the
mass m — otherwise, the occupation number would become negative near k = 0. But having
an upper bound on the chemical potential implies an upper bound on the particle density that
these distributions can describe. What if the particle excess in the system is so large that the
density is larger than this upper bound? When this happens, the excess of particles condense
on the zero mode, a phenomenon known as Bose-Einstein condensation. Dynamically, the
collisions lead to a distribution that has two components”,

1

fe = B 4

+ o 8(k) (6.75)
i.e. the chemical potential settles to the maximal value 1 = m, and the extra particles go into
the zero mode?* k = 0. As one can see from the fit of the figure 6.17, the occupation number
appears to be precisely of the form of eq. (6.75).

From the knowledge of the occupation number, it is easy to compute what fraction of
the number of particles and what fraction of the total energy are contained in the zero mode
at various times. This information is provided in the two plots of the figure 6.19. At early

2Here we have written the quantum version of the distribution, but it has an analogue in our semi-classical
approximation, where the first term is replaced by f¢jass (k). This is discussed in more detail in the appendix 6.4.7.

24By using the Boltzmann equation, it is easy to see that k = 0 is the only mode where the extra particles can go.
If the particles in excess occupy non-zero modes, then one does not have a fixed point of the Boltzmann equation.
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Figure 6.19: Left: fraction of particles contained in the modes |l| < [k|, at various stages of the
time evolution. Right: fraction of energy contained in the modes [l| < [k|.
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times (up to t ~ 100), all the particles and all the energy is stored in the zero mode, as a
consequence of our initial condition. At intermediate times (e.g. at t = 200), a large fraction
of the energy is still in the zero mode, and the remainder is almost entirely in the resonance
band. At the latest time we have considered (x° = 10% lattice units), the zero mode still
contains about 35% of the particles and 15% of the energy.

On could argue that our computation does not demonstrate Bose-Einstein condensation,
because we started from an initial condition in which all the energy is already stored in the
zero mode. What if we start from a situation where the zero mode is empty? We have done
that in the figure 6.20, in which the energy of the system is initially contained in the modes
(kxy Ky, kz) = (1,1,0) and (—1,—1,0) (the total energy being exactly the same as in the
figure 6.17). Thus, at the initial time, the occupation number has a delta peak at a single,

Figure 6.20: Occupation number fy at various times, for a system initialized in the modes
(kx, Ky, kz) = (1,1,0) and (—1,—1,0). Top right inset: behavior at short times.
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non-zero, energy. But then, one sees that a non-zero occupation number develops in the zero
mode (and in other modes as well), to reach very large values in a rather short time. After
this rapid transient regime, all trace of the original peak has been washed out. At late times,
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the distribution has become identical to the one encountered in the figure 6.17: all the modes
but the zero mode are described by a function of the form of eq. (6.74), and there is a particle
excess in the zero mode. This study strongly suggests that Bose-Einstein condensation indeed
occurs in this system”’, when it is initially over-occupied.

6.4.5 Further tests of the quasi-particle description
Quasi-particle mass

From the occupation number, we can further test the quasi-particle description of the system.
A simple check is to compute the medium-induced mass of the quasi-particles, assuming that
perturbation theory applies. The Hard Thermal Loop contribution to this mass has already
been given in eq. (6.61), and we have represented this quantity in the figure 6.16 (blue curve),
along with the mass obtained by fitting the location of the peak in the spectral function. In the
region where quasi-particles are well defined (y° > 100), we see that the HTL value of the
mass is systematically lower than the observed one. We can improve this result by including
also the 1-loop vacuum contribution to the mass. At I1-loop in a ¢* theory, this is given by a
tadpole graph whose expression can be written as

d3k 1
2 — 42 —
1—loop — g J (27’[)32k (2 + fk) . (676)

Including the vacuum contribution to the mass improves significantly (see the red curve in
the figure 6.16) the agreement between the theoretical prediction and the fit, indicating that
higher-order corrections are presumably rather small for this value of the coupling (g = 1).
Thus, it appears that the quasi-particle description is quite consistent: indeed, the occupation
number computed from the fields themselves, when inserted into the 1-loop formula for the

effective mass, reproduces very well the mass measured by fitting the peak in the spectral
function.

Residual interaction energy

A quasi-particle description of a system is useful only if the residual interactions between the
quasi-particles are weak — in other words, if the main effect of the interactions is simply to
alter the properties of the particles (e.g. by generating an effective mass). This can be tested
by computing the energy density of the system by summing the energies of its quasi-particles,

i.e. by assuming that they have no residual interactions’®,

a’k
€ = J(ZTP fi VK> +m2 . (6.77)

By comparing this quasi-particle energy to the actual energy density, € = <T0°>, we can
estimate the interaction energy of the quasi-particles and therefore the strength of their resid-
ual interactions. The result of this comparison is shown in the figure 6.21. We see that the

250f course, since the study is performed on a lattice, that has by definition a discrete spectrum, it is impossible to
tell whether the distribution has a true 5(k) term at the origin or whether it is a strongly peaked but otherwise regular
function.

261n our framework, replacing the true energy density by €gp is equivalent to substituting the expectation value of
the interaction energy (U(¢)) by %mz <(p2 ), i.e. to a mean-field approximation.
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Figure 6.21: Comparison between the actual energy density of the system (e) and the energy
carried by the quasi-particles (eyp) if one neglects their interactions.
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true energy of the system is always below the energy of its quasi-particles, indicating that
the residual interactions are attractive — which is indeed a standard result of a ¢* field the-
ory. Moreover, as the time increases, the energy of the quasi-particles gets closer to the true
energy, meaning that the quasi-particle description is better at late times.

Entropy production

From the occupation number, it is also possible to compute the entropy density,

3
SEJ% [(1 ) In(1 + i) — FrcInfie| (6.78)

The time evolution of this quantity is shown in the figure 6.22 (green curve). One sees that
the entropy density is multiplied roughly by a factor 20 during the evolution of the system
(the initial value is low in our setup because the occupancy is entirely localized in the zero
mode at t = 0). In the red curve, we have displayed the entropy that would have a gas of
free bosons of equal energy density at thermal equilibrium®’. The true entropy of the system
gets close to the equilibrium entropy, but not exactly equal even at the largest times we have
considered (the discrepancy remains of the order of 10—20%). This difference is presumably
a combination of two factors: (i) the fact that the system is not yet fully equilibrated, and (ii)
the residual interactions of its quasi-particles.

The increase of the entropy defined by eq. (6.78) may seem paradoxical at first sight,
given the way it has been obtained in our framework. Indeed, at the microscopic level, our
system is described as an ensemble of classical field configurations that evolve according
to the Euler-Lagrange equation of motion. This equation of motion is invariant under time
reversal t — —t, yet the entropy s computed in this system is clearly not invariant under
this transformation — despite the fact that it is a functional of classical fields that have a time-
reversible evolution. Let us recall here that the ensemble of classical field configurations that

2"1ts small variations with time are due to the fact that the mass of the quasi-particles is not constant.
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Figure 6.22: Green curve (S): time evolution of the entropy density s defined in eq. (6.78). Red
curve (S, ): entropy of a non-interacting gas of bosons of equal energy density, in thermal
equilibrium.
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describe the system in our framework evolves according to the Liouville equation,
atfft +{37t,H} = 0 . (679)

Instead of eq. (6.78), one could have defined an entropy based on the probability distribution
Filo, @] of the field configurations in phase-space,

S= —J[Dchqﬂ Filo, @] InFilo, ¢l ; (6.80)

and it is easy to see that it is constant in time thanks to Liouville’s theorem (see the appendix
F). This means that, if one were able to determine the field configuration of the system at a
given time, there would be no entropy increase because everything would be known about the
microscopic state of the system. In contrast, the definition (6.78) is the appropriate definition
when one knows only the single particle distribution in the system. Compared to eq. (6.80),
a lot of information about the microscopic state of the system has been discarded by doing
this. This coarse graining is the reason why the entropy given by (6.78) increases with time,
while at the microscopic level the field configurations evolve via time reversible equations.

6.4.6 Time evolution at a glance

Let us summarize the main results of this section in a synthetic way, by displaying in parallel
the time evolutions of the various quantities that we have considered separately so far. This is
shown in the figure 6.23. From these plots, it appears that one can divide the time evolution
in three stages that are qualitatively distinct?®:

i. 0 <t < 100: atthese early times, the pressure of the system has not yet started
to relax towards its equilibrium value p = €/3. Moreover, quasi-particles are not

28The numerical values of the times quoted here are not absolute, but depend on the energy density in the system.
Indeed, in a scale invariant theory, all the time-scales vary like e~ 1/4, Moreover, these time-scales depend on the
coupling constant g2, and decrease as the coupling increases.
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Figure 6.23: (Panels numbered 1 to 5 from the bottom to the top.) Panel 1: time evolution of the
pressure. Panel 2: time evolution of the quasi-particle mass. Panel 3: time evolution of the
entropy, compared to the entropy of a gas of same energy density at thermal equilibrium.
Panel 4: time evolution of the quasi-particle density. Panel 5: occupation number at various
stages of the time evolution (the gray band is a fit at the latest time by a Bose-Einstein
distribution with a chemical potential).

10000

1000
100
10

1
0.1
0.01

1.8
1.6
1.4
1.2

0.8

0.6
0.4

0.1

T T T T T T T T T T T T T T T T T T T T T
t=20 3 b t=200 . t=2000 Lot=10*
i i i M
L YRS i k. Y s
const / t"4 B
X — dN/dvV &
¥ %
L L ,\A/:\W

/é./ﬂ—/ s &
| Sge  ~
P . mt o]
A4 Vo
o
o]
AmARAIRIT T T
O AT €
WRIRTRININI
LI
ALY Il
VT it

170



a good description of the system (their mass is not well defined, and there are extra
spurious branches in the spectral function). The entropy displays only a very moderate
growth during this era, the occupation number starts rising in the resonance band almost
immediately, but the energy is still almost entirely contained in the zero mode,

ii. 100 <t <600 : this intermediate period starts when the occupancy in the resonance
band reaches its maximum and starts to subside, while the occupation number rises in
the other momentum modes. During this stage, the zero mode still contains the largest
share of the total energy, and the remainder is contained predominantly in the resonant
modes. The mains features of this era are the relaxation of the pressure towards its
equilibrium value, and an important growth of the entropy. In this era, there are well
defined quasi-particles, with a mass that is almost constant in time,

iii. 600 < t: in the late stages of the time evolution, the pressure is the equilibrium one,
and the entropy displays only a marginal growth. However, the system is not yet fully
equilibrated: the mass of the quasi-particles shows a clear decrease, while the occupa-
tion number continues to slowly expand towards higher momenta. During this stage,
the occupation number shows some signs of Kolmogorov scaling, but perhaps even
more compelling is the fact that it seems to evolve as would a system dominated by
elastic collisions and which is overpopulated compared to equilibrium —i.e. by devel-
oping a chemical potential equal to the mass and a Bose condensate at zero momentum.
At the same time, the energy initially contained in the zero mode is progressively dis-
tributed among the higher modes.

A very interesting observation is the appearance of a chemical potential, that we inter-
preted as resulting from a particle excess (compared to the value the particle density should
have in equilibrium) combined to a fairly slow rate of inelastic processes. Eventually, the
inelastic processes will wipe out the initial particle excess. However, because they are slow,
there is an extended regime where the occupation number settles on a form that has a chemi-
cal potential. Moreover, for the bosonic quantum statistics, the chemical potential cannot be
larger than the mass of the quasi-particles. This implies that if the particle excess is too large,
it cannot be accommodated solely by a chemical potential and the system stabilizes itself
by the formation of a condensate at zero momentum. This is consistent with our numerical
results, where we observe a large occupancy in the zero mode, that persists until late times
while the chemical potential remains close to the mass of the quasi-particles. Interestingly,
the condition of overpopulation is also realized for the gluons produced initially in heavy ion
collisions. Indeed, at a time Q' (where Q is the saturation momentum), the energy density
is € ~ Q?/g? and the gluon number density is n ~ Q2 /g?. Thus one has the dimensionless
ratio ne~3/4 ~ g=1/2 > 1, that should be of order 1 in chemical equilibrium. Depend-
ing on the strength of the number-changing processes, one may also expect the (transient)
appearance of a gluonic chemical potential and the formation of a gluon condensate at zero
momentum.

6.4.7 Evolution of the classical phase-space density

In the figure 6.17, we have obtained a very good fit of the occupation number at late times by
a function of the form

fr=— —=. 6.81)
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This fit works except for the zero mode, that is over occupied with respect to this distribution.
We interpreted this distribution as the classical approximation of a Bose-Einstein distribution,
and the —1/2 term was simply due to our definition of the occupation number.

However, it is also interesting to forget the underlying quantum field theory we started
from, and to consider in its own right the classical problem by which it is approximated. This
reformulation is equivalent to solving the Liouville equation,

3:F +{F, H} =0, (6.82)

given some Gaussian initial distribution. Therefore, if we adopt this point of view, we just
have a (large) collection of coupled classical oscillators, and we follow their Hamiltonian
flow in phase-space. Let us now discuss some aspects of this classical dynamical system, that
are relevant to the topics discussed previously.

Effective Hamiltonian

Motivated by the observation of quasi-particles in the system, we may assume that there is a
transformation of the fields and their conjugate momenta such that the Hamiltonian becomes
a sum of quasi-free harmonic oscillators coupled only by some weak residual interactions. In
practice, this amounts to writing

1 2
_ 3, 1.2 2 g 4
H = de2<(p +(V(p))+4!cp
1 g? 1
_ 3, 1 (.2 2 2 2 a4 v 2 2
= de 2((p + (Vo) +m7o )—1—4!@ FMeT (6.83)
Ho H!

int

So far, we have just added and subtracted a mass term by hand, and the parameter m? is
still arbitrary. In order to make the residual interactions small, one can choose the mean field
value for m?,

m? = 5 (p?(x)) (6.84)

where the angle brackets denote an ensemble average®. The first part of this Hamiltonian
can be rewritten as a sum of independent harmonic oscillators by going to Fourier space,

Ak 1, 2 1 2
%ozj(zﬂp Sl + Jwdlonl, (6.85)

hx

where wy = (k2 +m?)1/2 and where @y is the spatial Fourier transform of .

This decomposition of the classical Hamiltonian into elementary harmonic oscillators
plus residual interactions is a good starting point to make connections with the study of the
occupation number in the previous sections. Indeed, it is easy to check that eq. (6.72) is
equivalent to

1 (hx)

S fx = :
2+k V(,Uk

(6.86)

20ne can check numerically that this mean field expression of the mass is in very good agreement with the
measured mass of the quasi-particles.
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In other words, <hk> is the occupancy of the mode k times wy times the volume, plus a
constant vacuum contribution Vwy /2. This means that one should find a non-zero average
value for <hk> even in the vacuum — actual particles in the mode k correspond to an excess
of <hk> over Vwy /2.

Time evolution of the classical distribution

In order to start the discussion, we first plot in the figure 6.24 the distribution F;[¢, ¢] of the
classical field configurations at various stages of the evolution. Since we obviously cannot
plot a functional, we have represented several Fourier slices: a slice being defined as the
distribution of configurations in the plane®® (\/wy/V|pxl, |px|/v/ Wk V). In the figure 6.24,
we have represented this distribution for three values of k: the zero mode, a mode in the
resonance band, and a mode at some higher momentum. At the initial time, the zero mode
of the fields is highly coherent, and its distribution is concentrated around a single point. In
contrast, all the higher modes contain only fluctuations centered around the origin (0, 0), with
a width which is that of the vacuum fluctuations (i.e. the width that gives <hk> = wy/2). At
the next time, t = 200, the zero mode has decohered and now fills almost uniformly a curve’!
of constant energy. We also see that the distribution of the resonant modes has expanded
due to parametric resonance, while the harder modes still have the same distribution as the
t = O one. At later times, the expansion of the resonant modes reaches a maximum and then
subsides, while the distribution of the hard modes begins to expand as well. Simultaneously,
the zero mode distribution shrinks slowly, while remaining on a curve of constant energy (i.e.
this seemingly constant energy is in fact slowly decreasing, due to a transfer of energy from
the soft to the hard modes).

To summarize these observations, the Fourier modes that initially have a large amplitude
quickly decohere. If there are many such modes (instead of only one as in our numerical
example), what happens then depends on whether the classical dynamics is chaotic or on the
contrary integrable: in a chaotic system, all these modes mix and fill uniformly an energy
shell, while in the integrable case these modes would evolve independently and cover an
invariant torus of much smaller dimension (for N modes, an energy shell is a manifold of
dimension 2N — 1, while an invariant torus has dimension N only). On larger time scales,
the energy carried by these initially large modes decreases slowly, and is transferred to the
higher modes whose distribution expands as a consequence of this transfer.

Asymptotic behavior

What is then the asymptotic distribution F [@, @] of these classical fields? Let us assume
first that the only quantity that is invariant under the Hamiltonian flow is the energy itself*>.
From the Liouville equation, it is clear that the asymptotic distribution must have a vanishing
Poisson bracket with the Hamiltonian. This property is satisfied by any distribution that
depends on @, ¢ only through the Hamiltonian H[@, ¢]. Such an asymptotic form for the
distribution F, has strong implications on the average value of (hy). Indeed, if we can

30We rescale the Fourier components in this way so that the vacuum fluctuations look the same for all k. A value
of <hk> proportional to wy corresponds to a circle of fixed radius (of order unity) in this plane.

31This is not exactly a curve of constant hg, as one can see from the fact that it is not a circle. This deviation from
a circle is due to the fact that there is a large correction gzq)g /4! coming from the interaction energy. Indeed, the
zero mode, because of its large amplitude, is strongly interacting with itself.

32The total spatial momentum of the system is also conserved, but it does not play any role here because we
analyze the problem in the rest frame of the system.
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Figure 6.24: Phase-space density in the (\/wx/V|Qxl, |¢x|/v/ W V) plane. From left to right:
k = 0, 1.07 (resonant mode), and 2. From top to bottom: t = 0, 200, 10*> and 10*. Note
the vastly different scale used for the zero mode (left column). The black circle represents
the radius of the pure vacuum fluctuations.
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neglect the interaction energy (e.g. assuming that most of the interaction energy can be
absorbed into an effective mass), then a distribution that depends only on I implies the
equipartition of the energy among the modes,

(hy) = const (independent of k) . (6.87)

Note that this conclusion holds no matter what is the precise form of the function of J{ that
F 1s equal to. When equipartition is in the classical phase-space is reached, the occupation
number becomes of the form:

const 1. (6.88)
Wk 2

fio =

Asymptotic behavior with constraints

Figure 6.25: Average value <hk> of the energy in the mode k. The brown band is a fit of the
form Twy /(wyx — W), and its width reflects the expected statistical error in our Monte-Carlo
simulation. The horizontal line shows the expected result if equipartition is reached. The
red line represents the zero point energy of the vacuum, i.e. wy /2.
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When we try to fit the late time curves of the figure 6.17 by an expression of the form
(6.88), that lacks the chemical potential ., the result is not good. This is best seen by plotting
(hi) (see the figure 6.25), since eq. (6.88) would correspond to an horizontal line in this plot.
In contrast, the much better fit of the figure 6.17 could be explained if the average value of
hy at late times was of the form

(hy) = const — K (6.89)
W — B

This is obvious in the figure 6.25, where we obtain a good fit to (hy ) by an expression of this
form.

It is possible to understand eq. (6.89) if one assumes that the Hamiltonian flow not only
conserves energy (exactly), but also (to a good degree of approximation) the following quan-
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tity >3

Pk e
(2m)3 wk

Nle, ¢l = J (6.90)
It is obvious that this quantity has a vanishing Poisson bracket with the free quasi-particle part
of the Hamiltonian H,, and that only the residual quasi-particle interactions !, can possibly
make this quantity change. If both J{ and N are invariants, then the most general asymptotic
solution of the Liouville equation must depend on @, ¢ only through some combination of

the form J{ — uN. For any distribution of this form, equipartition is replaced by
hi .
hy — uw— = const (independent of k) , (6.91)
k

which leads to eq. (6.89). Therefore, in the classical system of fields, it seems that the very
slow variation of N is what explains that we observed an energy distribution that differs
considerably from the naive equipartition.

Note that when k is large, eq. (6.91) is equivalent to (hy) = const. This implies that
the constant in the right hand side must be positive. Considering now k = 0, this imposes
pt < m. Inserting now eq. (6.91) in the definition of N,

d3k  const
(N) = J 2r? wor—p’ (6.92)

we see that it increases with |, and reaches a finite (because the singularity at k = 0 is in-
tegrable) maximum when p = m. However, it may happen that the initial value of <N> is
larger than this maximum. In this situation, the <hk>’s must be altered in order to accommo-
date this excess, but in such a way that eq. (6.91) remains valid. Any modification of <hk>
for k # 0 will violate eq. (6.91), so the only possibility is to modify <h0>. Then, we see that
the only way to change <h0> without violating eq. (6.91) is to add to have p = m. Thus,
when there is an excess of <N> the equilibrium value of (hy) takes the form

(hi) = AS(K) +B —2% (6.93)

Wk —Mm

This explains why we found a chemical potential whose value is very close to the mass of
the quasi-particles (within statistical errors). This phenomenon can be seen as an analogue in
classical Hamiltonian dynamics of Bose condensation in quantum mechanics.

Do vacuum fluctuations thermalize?

The fact that the Liouville evolution makes the distribution F; evolve towards a classical
thermal equilibrium leads to an interesting question: does the same happen if there is no
source coupled to the quantum fields, i.e. for pure vacuum fluctuations? In this case, the
initial distribution is

d%k |@xl? + k2 |@xl?
(2m)3 k ’

Fole, ¢ =exp [ - J (6.94)

corresponding to (hy) = k/2. The consistency of our approach requires that the vacuum
does not change over time. However, since eq. (6.94) is not a function of JH, our previous
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Figure 6.26: Average value of the energy hy in the mode k for pure vacuum fluctuations. The
center of the brown band is wy /2, and its width reflects the expected statistical error in our
Monte-Carlo simulation). The horizontal line corresponds to equipartition.
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considerations suggest that equipartition may also occur if we start from the pure vacuum
fluctuations given by eq. (6.94). We have computed (hy) numerically for the pure vacuum
case, by starting from the distribution of eq. (6.94) and by evolving the corresponding clas-
sical field configurations also to a large time t = 10%. As shown in the figure 6.26, this
computation shows no sign of equipartition of the vacuum energy, indicating that the vacuum
is stable in our framework.

This is at first sight an intriguing result. Indeed, how does the purely classical Liouville
equation know that the distribution of eq. (6.94) represents the ground state of the corre-
sponding quantum theory? In a sense, the Liouville equation seems to know more than what
its “classical” qualifier might suggest. This result can be qualitatively explained by recall-
ing the formal connection that exists between quantum mechanics and the classical Liouville
equation. In quantum mechanics, a system can be described by a density operator P, whose
evolution is driven by the Von Neumann equation,

i0¢p+[p,Hl =0. (6.95)
It was noted by Wigner and Moyal that this quantum mechanical problem can be formulated
equivalently as an evolution in the classical phase-space (see [202] for a recent review). To

do this, one should first introduce the Wigner distribution associated to the density operator
p. For a single degree of freedom, this is defined as

W(q,p) EJdX etPx (q —|—x/2‘6|q—x/2> . (6.96)

The Von Neumann equation can then be shown to be equivalent to the Moyal equation for W,

W+ {WH}} =0, (6.97)

3The average (N) in the classical field theory is the counterpart of the number of quasi-particles in the quantum
theory.
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where {{-, -}} is the Moyal bracket, obtained as the Wigner transform of the commutator. At
this stage, one has a formulation of quantum mechanics that involves only quantities defined
on the classical phase-space (the quantum mechanical aspects are hidden in the fact that the
Moyal bracket depends on R). The connection to the classical Liouville equation follows
from the following two properties,

i. the Moyal bracket {{-, }}} is equal to the Poisson bracket {-, H} if the Hamiltonian H
is quadratic in the coordinates and momenta,

ii. for any quantities A and B defined on the classical phase-space, one has

{{A,B}} = {A,B} + O(R?) . (6.98)

If the quantum system is in its ground state |O>, its density operator o = ’O><O| is invariant
under the Von Neumann equation. Equivalently, the corresponding Wigner distribution Wy is
invariant under the Moyal equation. Since J is the Wigner distribution of the same vacuum
state, it is thus natural that it is left invariant by the Liouville evolution, since it is the . — 0
limit of the invariant Moyal evolution.

178



Conclusions and Perspectives

179






he central result of this manuscript is the proof that, for inclusive observables
in heavy ion collisions, the logarithms of the collision energy are universal and
can be factorized into the JIMWLK evolution of distributions that describe the
content of the two projectiles. This universality establishes a rigorous connec-
tion between Deep Inelastic Scattering off nuclei and heavy ion collisions: these
distributions can be constrained in DIS experiments, and then used to compute observables
in nucleus-nucleus collisions.

A consequence of this factorization theorem is that —at leading logarithmic accuracy- all
the dependence on energy and rapidity in inclusive observables is inherited from the evolution
of the color charge distributions of the projectiles prior to the collision. This is also true of
the rapidity correlations in multigluon spectra: all the leading correlations pre-exist in the
wavefunctions of the projectiles. The correlations that are produced during the collision itself
are a subleading effect.

Thus, from the JIMWLK equation for the projectile evolution, one can make predictions
(at leading logarithmic accuracy) for the energy and rapidity dependence of observables in
heavy ion collisions, that can be tested in experiments. A key observation is the existence of
correlations between pairs of particles separated by a large rapidity interval. From causality,
one can trace this effect back to the state of the system at a very short time after the impact,
i.e. when its dynamics was still dominated by the physics of gluon saturation. This long range
correlation has a natural explanation in the framework we have presented in this manuscript,
related to the fact that the strong color fields produced in the collision have a very weak
rapidity dependence. In fact, the IMWLK equation predicts how this correlation should
decrease when the rapidity separation increases, a prediction that will be testable at the LHC
thanks to the large rapidity acceptance available in detectors such as CMS and ATLAS. The
Color Glass Condensate also predicts that the multiplicity distribution should be close to a
negative binomial distribution, a fact compatible with experimental observations.

The results on factorization presented in this manuscript can be extended in several di-
rections. Firstly, it would be interesting to study whether it also applies to the production
of other particles, such as light quarks (for heavy quarks —with a large mass compared to
the saturation momentum—, the multiple scattering corrections that make factorization non-
trivial are suppressed, and this case should fall back to the much simpler k,—factorization). A
second extension, technically more complicated, is to study the next-to-leading logarithmic
contributions in order to assess whether they also factorize via a NLO-improved JIMWLK
equation.

Our proof of factorization highlights the special status of inclusive observables, such as
inclusive spectra or the energy-momentum tensor. It is easy to see that our proof fails for
exclusive observables, because constraints imposed on the content of the final state modify
the boundary conditions of the fields. At the moment, it seems clear that the CGC formalism
must be altered if one wants to describe exclusive reactions —such as diffraction—, but the pre-
cise nature and extent of these modifications is so far unknown. In phenomenological models
of diffraction in hadronic collisions, one introduces the so-called survival probability — the
probability that no inelastic process happens besides the hard process of interest— in order
to account for the breakdown of factorization in diffractive processes when going from DIS
to hadronic collisions. However, a QCD-based justification of these models is still missing.
Because of its ability to cope with situations where multiparton processes matter, the CGC
seems to be a promising framework for studying these questions. This is definitely an inter-
esting theoretical problem, that has also a phenomenological interest in other areas such as
the central diffractive production of the Higgs boson in proton-proton collisions at the LHC.
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The main outstanding problem in the study of the early stages of heavy ion collisions is
that of thermalization. The comparison between experimental results and hydrodynamical
models tends to favor a fast thermalization, a result which is notoriously hard to justify on the
theory side. In the Color Glass Condensate framework, our best hope towards the resolution
of this issue is the resummation that we have developed in the last part of this manuscript
in order to cure the secular divergences that appear in higher loop orders. This resummation
amounts to a classical Yang-Mills evolution with a Gaussian ensemble of initial conditions.
Combined with the known fact that the Yang-Mills equations have positive Lyapunov expo-
nents, this suggests that thermalization in heavy ion collisions may be related to the chaotic
behavior of classical QCD.

In order to explore these ideas in a simpler setting, we have studied in detail a scalar
field theory by using the same techniques. In this context, we were able to conclude that this
resummation indeed leads to the expected equilibrium equation of state. In fact, the initial
condition is a coherent state and the equation of state is obtained as soon as the initial coher-
ence is destroyed. In addition, we have shown that, although the system is made of strong
fields configurations, quasi-particles emerge once decoherence is achieved. Later on, the oc-
cupation number of these quasi-particles evolve to an equilibrium distribution. If the initial
condition is made of large enough fields, this distribution has a positive chemical potential
and even a Bose-Einstein condensate (BEC) in the zero mode. In the Color Glass Conden-
sate framework, the initial condition immediately after the collision of two heavy ions is also
characterized by large fields that could possibly lead to the formation of a condensate, but
whether a BEC forms or not depends crucially on the rate of inelastic processes.

Moreover, these results raise further questions regarding the precise state of the matter
formed in heavy ion collisions, and in particular whether it reaches complete local thermal
equilibrium or not. At the most fundamental level, the full thermalization of the system
requires that the correlation functions obey the Kubo-Martin-Schwinger relations [203, 204],
and it would be interesting to assess to what extent they are satisfied (or violated) by the fields
produced in the early stages of heavy ion collisions. Given the possible formation of a BEC,
it would also be very instructive to compute the transport coefficients —especially the shear
viscosity— of the matter produced in these collisions.

Another interesting, more formal, direction would be to investigate possible connections
between the resummation presented in the final part of this work and older ideas in the field
of quantum chaos, such as Berry’s conjecture [205-207] and Srednicki’s hypothesis of eigen-
state thermalization [208, 209]. These works consider quantum mechanical systems whose
classical limit is chaotic, and try to uncover the relationships that exist between the chaoticity
of the classical system and the mechanisms by which the quantum system reaches thermal
equilibrium. To some extent, similar questions arise when one tries to understand the ther-
malization of the matter produced in heavy ion collisions.
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Appendix A

Schwinger-Keldysh formalism

s is well known, Feynman perturbation theory in quantum field theory is the
tool of choice for computing transition amplitudes such as <'p’q’out |PCIin>. The
calculation of these matrix elements is amenable via the Lehmann—-Symanzik—
Zimmermann reduction formulas to the expectation value of time-ordered prod-
ucts of field operators, between the in- and out- vacuum states, for instance
(Oou| T d(x1)d(x2)d(x3)d(x4)|0in ), the calculation of which can be performed with the
usual Feynman rules that we shall review in the first section of this appendix.

However, there is a class of more general problems that cannot be addressed by this
standard perturbation theory. One of the simplest problems of that kind is the evaluation
of the expectation value of the number operator <Oin‘ alut(p)aout(p) ]Oin>, which counts the
particles of momentum p in the final state, given that the initial state was the in- vacuum.
To evaluate this matrix element, one needs to calculate the amplitude <Oin|d)(x)d>(y) |Oin>,
that has no time ordering, and where one has the in- vacuum state on both sides. More
generally, one often needs the amplitudes (Oin|T d(x1) -+ d(xn) Th(y1) - d(yp)|On).
where T denotes the anti-time ordering. This is what the Schwinger-Keldysh formalism is
designed for. We will derive the rules for the perturbative expansion of this kind of matrix
elements in section A.2.

A.1 Standard perturbation theory

Let ¢(x) be the field operator in Heisenberg’s representation. It can be formally related to
the field operator in the interaction representation, ¢, (x), by the relation

b(x) = U(—00,x%)dpin(x)U(x’, —00) , (A.D)
where U(x3,x1) is an evolution operator defined as
X3
Ul ) = Texp [ d'x Lanlulx) (A2)
X}

(In this definition, Ljy, is the part of the Lagrangian containing the interaction terms, i.e. the
terms of degree three or higher in the field operator.) The evolution operator U(x2, x1) obeys
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the following properties :

U(x,y) is unitary ,
U(x,x) 1,
Ulx,yUly,x) = 1,
U(x,y)Uly,z) = Ulx,z). (A.3)

Note that in the definition of the field in the interaction picture, we have decided to make ¢ (x)
and ¢;,(x) coincide at x° = —oo. This choice is conventional, and by no means a necessity.
A crucial advantage of i, (x) over ¢(x) is that it behaves like a free field. This can be seen
from the following relation :

0Lin(P(x))
0 (x)

In other words, if ¢(x) obeys the equation of motion that includes the interactions of Ly,
then ¢;,(x) obeys the free Klein-Gordon equation.

e (x) = = U(—00,x°) [Dhin ()| U(x°, —00) . (A4)

Let us now consider a matrix element <00m’T d(x1) - P(xn) |Oin>. Let us first substi-
tute every Heisenberg field by the corresponding field in the interaction picture, by using
repeatedly eq. (A.1). This leads to

<00ut}T¢(X1 ) e ¢(Xn)|0in> = <00u[|U(*OO, +OO) Td)in(xl) o d)in(xn)
+oo

xexpi | d'x Lanldun(x))[O0) (AS)

—00

where we have used the properties of the evolution operators in order to rearrange them'. The
next step is to notice that U(—oo, +00) is precisely the evolution operator that transforms the
in- vacuum into the out- vacuum, so that we have

< oul‘u —0Q0, +00) <Om‘ (A.6)

Therefore, the matrix element of interest can be rewritten as

<Oout‘T¢(X1)"'¢(Xn)‘0in> = <Oin’T¢in(X1)"'¢in(xn)

+oo
x expiJ d*x Lind(din(x))|Oin) - (A7)

Now, everything in the right hand side is expressed in terms of the in- fields, which are free
fields, and of the in- vacuum state. Moreover, all the interaction terms have been collected
in the exponential that appears in the second line. Therefore, the perturbative expansion is
obtained as a Taylor expansion of this exponential.

It is customary to collect the values of these correlators into a unique generating func-
tional,

+oo
VA ﬂ] = <00ut|T eXle d4xﬂ(x)¢(x) |0in> ) (AS)

'We have used the fact that the ordering of the operators inside a T-product is irrelevant: T A(x)B(y) =
TB(y)A(x).
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such that

5
OouT X1) Xn Oin = Z[] A9
(Ouaf T@x1) - @xn)]Om) = g Gzt (A9)
From eq. (A.7), this generating functional can be rewritten as
+oo
Zl = (Ou|T CXPiJ' d*x [Lind(din(x)) +1(x) Pin (x)] | Ot
+oo4 5 +oo4
= exlelood X Lint <I511(X)> (0| T eXle,ood X (%) bin(x)|Oin)
Zo[n]
(A.10)

In the second line, the interactions have been completely factorized: evaluating their effect at
a given order merely amounts to taking enough functional derivatives of the free generating
functional Zy[m]. The evaluation of Zy[n] is a standard calculation in free field theory, that
we shall not repeat here. The result is a Gaussian functional of the current 1(x):

+oo

Zoll = exp%f d*xd*y n(x)G? (x,yn(y) , (A.11)

where GO (x,y) is the free Feynman propagator,

d4p e—iP'(X—yJ

2% p?+ie A.12)

G20 y) = (0T Gu(x)n(v)|00) =t | (

From the above results, it is clear that the perturbative expansion for correlators such as
eq. (A.5) is obtained as a diagrammatic expansion, where the links between the vertices are
Feynman propagators.

Let us close this section by mentioning the vacuum-vacuum diagrams. These are dia-
grams without any external legs, that appear quite naturally in the expansion of eq. (A.10) as
disconnected factors. Their sum is nothing but the vacuum to vacuum transition amplitude

Z[O] = <Oout‘oin> ) (A13)
hence their name. The vacuum-vacuum diagrams are not zero. However, in a stable theory,
their sum is a pure phase that appears in front of every transition amplitude. Thanks to this

property, the vacuum-vacuum diagrams have no effect on transition probabilities, and it is
therefore common to simply disregard them.

A.2 Schwinger-Keldysh perturbation theory

Consider now correlators of the type <Omﬁd)(x1 ) b(xn) Thlyr) - dlyp) |Oin>. One
must again replace each Heisenberg field operator by its counterpart in the interaction repre-
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sentation, using eq. (A.1). After some rearrangement of the evolution operators, we get :

(O[T (x1) - bxn) T (Y1) - - d(yp)|Oin) =

= (Ou[T [nl) ) expi | a*x Lin( ()]
oo
< [@unlyr) - Galyp)epi | d Lunldux))][0)

(A.14)

Here, we have exploited the fact that the factor U(—oo, +00) that appears in these manipula-
tions is the anti-time ordered exponential of the interaction term, in order to write this formula
in a more symmetric way. To go further, it is useful to imagine that the time axis is in fact a
contour € made of two branches labelled + and — running parallel to the real axis, as illus-
trated in figure A.1. This contour is oriented, with the 4 branch running in the direction of

Figure A.1: Time contour in the Schwinger-Keldysh formalism.

¢ +

increasing time, followed by the — branch running in the direction of decreasing time. Then,
it is convenient to introduce a path ordering, denoted by P and defined as a standard ordering
along the contour C. In more detail, one has

TA(X)B(y) if xyec,,
TA(x)B if xylee
PA(x)B(y) = (x)Bly) . Y (A.15)
A(x)B(y) if x"eC_,y €C4,
B(yA(x) if xee,,y’ecc_.

One can use this contour ordering to write the previous equations in a much more compact
way. In particular, eq. (A.14) can be generalized into :

(Oin|PO™(x1) - b~ (xn)dT (Y1) -~ b (yp)|Oin) =
= <Oin‘P d)i;(X] ) T d);(xn)d)l_;(y” o d)l_; (yp) eXpiL d4X Linl(¢in(x))‘oin> .
(A.16)

The differences compared to eq. (A.14) are threefold :

i. A single overall path ordering takes care automatically of both the time ordering and
the anti-time ordering contained in the original formula,

ii. For this trick to work, one must (temporarily) assume that the fields on the upper and
lower branch of the contour C are distinct: ¢+ and ¢~ respectively,
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iii. The time integration in the exponential is now running over both branches of the con-
tour C.

The advantage of having introduced this more complicated time contour is that it leads to a
formula which is formally identical to eq. (A.7), provided one replaces the time ordering by
the path ordering and provided one extends the time integration from R to C. In particular,
all the subsequent manipulations can be generalized straightforwardly. One can first define a
generating functional,

Z%M) = (04T exle d*x n(x)b(x) |On) (A.17)

that encodes all the correlators considered in this section, provided the external source 1 has
distinct values N and 1~ on the two branches of the contour (the superscript SK is used to
distinguish this generating functional from the standard one). As in the standard case, one
can write this generating functional as:

e ) 1o
z [n]fexpljg lem(wn(x) (Ou|T expi [dxn(0ba(0)0n), (AT
Z¥ml
with
1
Zgh = ep—j | a'xa'y (G yny
Gg (X)y) = <Oin|Pd)in d)m |01n> . (A19)

The free propagator GS, defined on the contour C, is a natural extension of the Feynman
propagator (in particulaf, it coincides with the Feynman propagator if the two time arguments
are on the + branch of the contour). Besides the propagator, the other change to the perturba-
tive expansion in the Schwinger-Keldysh formalism is that the time integration at the vertices
of a diagram must run over the contour € instead of the real axis.

It is common to break down the propagator into 4 components G | (x,y), depending
on whether the times x°,y° are on the upper or lower branch of the contour. An explicit
calculation of these free propagators leads to

d4p e~ P (x—y)
O _ .
Giiloy) = 1J (2m)* pZ4ie

d4p e —ip-(x—y)
0 .
fo(X»y) = J (27_[) pz e )
dp
G (y) = | s e P 2m0p)a(p?)
G (xy) = d'p e TP (xV) 279 (4 p0)5(p2) (A.20)
—+ ?y - (27_[)4 p P . .

This formulation of the Schwinger-Keldysh formalism leads to the following diagrammatic
rules :
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i. Draw all the diagrams that contribute to the correlator of interest at a given order (the
power counting is identical to that of standard perturbation theory),

ii. For each diagram, assign an index + or — to all the vertices in all the possible combi-
nations; a + vertex is given a coupling —ig and a — vertex has the coupling +ig,

iii. Connect the vertices by the appropriate propagators G .,

iv. Integrate the time at each vertex on the real axis (one should not integrate over C here,
since the fact that there are two branches has been explicitly taken into account by dou-
bling the vertices); if working in momentum space, integrate over the four momentum
running in each independent loop.

In the Schwinger-Keldysh formalism, the discussion of the vacuum-vacuum diagrams is even
simpler than in conventional perturbation theory. Here, one has

Z500] = (0|Oi) =1, (A21)

which means that all the connected vacuum-vacuum diagrams are zero. This is due to the
fact that in this formalism one is calculating correlators that have the in- vacuum on both
sides. This cancellation works individually for each diagram topology, and results from a
cancellation between the various ways of assigning the 4+ and — indices to the vertices of a
diagram (a vacuum-vacuum diagram with a fixed assignment of + and — vertices is not zero
in general).

A.3 Relation between the functionals Z[n] and Z5«[n]

There is a useful functional relation between the generating functionals of conventional per-
turbation theory, and that of the Schwinger-Keldysh formalism. Let us first state this relation,
and we will then prove it in the rest of the section :

62

SK _ 4 4 0 *
Z%Mmy,m-] =exp Ud xd™y G _(x,y) OOy . e W) Zny1Z"m-1. (A22)

(Here, in order to avoid any confusion, we write explicitly the two components + and — of the
source 1 in the Schwinger-Keldysh generating functional.) Thanks to this formula, one can
construct diagrams in the Schwinger-Keldysh formalism by stitching an ordinary Feynman
diagram and the complex conjugate of another Feynman diagram.

In order to prove this relation, first notice that it is sufficient to establish it for a free
theory, since the interactions are always trivially factorizable (see egs. (A.10) and (A.18)).
Therefore, we need to compute the functional

62
Whi,n_] =exp (J d*xd*y GO+—(XJJ) UxDy ‘WW)
1
X eXp (—2 J d*xd'y n+(x)Gi+(X,y)ﬂ+(y)>

X exp <—; J d*xd*y n(X)GO(x,y)n(y)> - (A.23)
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Our goal is to show that this functional is equal to Z3*[n1,n_]. In this formula, we have
used the fact that the Feynman propagator is the ++ component of the Schwinger-Keldysh
propagator, and that its complex conjugate is the —— component. In order to simplify the
notations, let us rewrite this formula in the following compact way

Win,,n_] = e 8A- 85— o= 318G @ni+n-®6° en-) (A.24)

where all the convolutions over space-time have been replaced by the symbol ®, and where

— —

we denote A, (x,y) =0y G 37 (x,y) Oy (the arrows are important because the [, should
not act on the x-dependence of G°+7). In order to compute this functional, it is convenient to
write the last two Gaussian factors as Fourier integrals :

W[TlJr)n*} — e5n+®A’*®5n J[DTCJrDT[ } i @nit+m_en_)
% e~ T (M®GY @ +m @G T @)
_ J[DT(JFDT[,} eiﬂ+® [ﬂ++/\+7®5n%] elm—®m—
% e T (M®GL @ +m @G T @)
— J[DT(+D7T le U @n4+m—®n—)
% e~ T(M®GL T @m 4 @G TR~ @A _@n-)
(A.25)
In order to obtain the second and third equalities, we have exploited the fact that the expo-
nential of a derivative is a translation operator. At this point, we simply need to perform the

Fourier transform in reverse, which is straightforward because it is a Gaussian integral. The
result reads

1 0 0 . 0 . 0
Whi,nl=e 7 (M+®GL ®N4+4n-®GY_®n-——m+®G5_®n- n7®G,+®n+)) (A.26)

which is nothing but eq. (A.18), where the argument of the exponential has been broken down
into all the possible combinations of + and — indices. This ends the proof of eq. (A.22).

A.4 Propagators in a background field

A recurrent problem encountered in this manuscript is to compute the Schwinger-Keldysh
propagators in the presence of a background field ¢. In section 2.6.2, this problem is solved
by writing the equations of motion obeyed by the various propagators, as well as their bound-
ary conditions, and by exhibiting an expression that fulfills both. In this appendix, we present
an alternate derivation of this result, that does not require to guess what the solution is. The
method proposed here simply amounts to performing explicitly the resummation of the back-
ground field insertions. As one will see, this approach is arguably more tedious, but is in a
sense much more elementary.

The equation that performs this resummation is

Gecy) = Gty =1 3 [tz 62, x 21U 0N Soolzy) . a2
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In this form, the equation is fairly complicated to solve because the four components of the
Schwinger-Keldysh propagator get mixed already after the first insertion of the background
field. However, there is a simple way to simplify these equations. It is based on the observa-
tion that the four propagators are not independent, but satisfy a linear relation,

0 0 0 0
Gy, +GI_ = GI_+GI,,

S+++5-——- = G4+-+5-+, (A.28)
which follows immediately from their definition as path-ordered products of two fields, and
from the identity 6(x) + 0(—x) = 1. It is possible to exploit this relation as follows: perform
a rotation on the matrix made of the four propagators so that one component of the rotated

matrix becomes zero’. Having a zero in the matrix of propagators make the resummation of
the background field considerably simpler. Therefore, let us define

Gocﬁ = Z QaeQBe’gee’ . (A29)

€, e/==%

(The same rotation is applied to the free propagators.) There is not a unique choice of the
matrix )« that gives a zero component in G, but the following choice is convenient:

1 _
Qye = \—ﬁ G 11> . (A.30)

The rotated propagators read

0 G° 0
Ggqs:<Go Gé) , Goqs=<9 %‘), (A.31)

where we have introduced

GO=G9%, —GY_ G =S4+ — 53,
G =GY, —G°, G =54++—9%,,
GO=GY, +G°_ G =G+++9° . (A.32)

(The subscripts R, A and S stand respectively for retarded, advanced and symmetric.) After
having performed this rotation, eq. (A.27) is transformed into

Ganloy) = G0 y) 1Y | 4'2 G2 (%2 W (0(2) o5y Cryalzy), (A3
[3%%

where we denote

o= (? ;) ) (A.34)

In order to make the notations more compact, let us introduce the following shorthand,

[A o IB} “B(x,y) = —i; J A%z Aws(x,z) U (@(2)) 05y Byp(zy) . (A.35)

2This trick was invented in the context of Quantum Field Theory at finite temperature [210-213].
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With this notation, eq. (A.33) takes a very compact form,

G=G°+G% @, (A.36)
and its solution is
0 on
P O ] on = “ e
G_Z[G} . with A" =Ao...0A . (A37)
n=0 1 times

What makes the calculation of this infinite sum easy after the rotation we have performed is
the fact that the elementary object G0 is the sum of a diagonal and a nilpotent matrix:

G 0 0 0
0 — A =
G°c=D+N, ]D_<0 Gg) , ]N_<G(S) 0) . (A.38)

One has N2 = 0, which simplifies a lot the calculation of the n-th power of G°o. From this
observation, it is easy to obtain

o(n+1) 0 [GO}*(TL‘F])
G° = A o, A39
R (O T o M R

with the notation
[AB](xy) = i | d'2 Alx,2) U (l2) Blzy) (A40)

(and an obvious definition for the x-exponentiation.) By looking at the off-diagonal com-
ponents of eq. (A.39), one sees that their resummation is trivial because they do not mix.
Moreover, the resummed G, propagator has a simple expression in terms of the resummed
retarded and advanced propagators. These results can be summarized by

n=0
9A _ Z Gi}*n’
n=0
S = S (GO '6%(c%) g, . (A.41)

At this stage, we know all the components of the resummed propagator in the rotated basis.
In order to obtain them in the original basis, we just have to invert the rotation of eq. (A.29).
We obtain:

Gy = G, (GG (69)7'g,,
S~ = G (GO 'GL (G s, ,
1
G, = E[SR (G962 (60! 9A+9R+9A},
1
g = z[gk (G0)" G0 (G9)~! 9A—9R—9A}. (A42)

After some more massaging, it is easy to check that the first two of these equations are
equivalent to egs. (2.96), and that third and fourth equations are equivalent to eqs. (2.93).
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Appendix B

Green’s formulas

ecause of causality, retarded solutions of partial differential equations are fully
determined from the value of the unknown function and some of its derivatives
on an initial surface chosen to set the initial conditions. It is often useful to have
formulas that express, even formally, the solution as a functional of this initial
data. This can be achieved by means of Green’s formulas. In this appendix,
we present the derivation of a Green’s formula first in the simple case of the Klein-Gordon
equation with some arbitrary interaction potential, and initial conditions set on a surface of
constant time. This Green’s formula is then generalized to an arbitrary initial Cauchy surface.
Finally, we derive some useful Green’s formulas that will help us in summing tree diagrams
in the Schwinger-Keldysh formalism.

BY

B.1 Green’s formula for a retarded classical scalar field

Consider the following partial differential equation’,

Oxd(x) + UW(d(x) =jx), (B.1)
where U(¢) is some interaction potential and j(x) a source that drives the evolution of the
function ¢ (x).

Since this equation contains time derivatives up to second order, it is necessary to specify
the initial value of ¢ itself as well as that of its first time derivative. Let us assume that
we know these values on the surface t = 0. We wish to obtain a formula for ¢ (x) at a time
x% > 0 in terms of this initial data. In order to do this, we must introduce the retarded Green’s
function of the operator [J,, defined by :

0 .
DXGR(X)H) :_16(7(_13))
Go(x,y) =0 ifx®<y°. (B.2)

I This equation is the classical equation of motion in the scalar field theory of Lagrangian

1
L= E(aud))(a”tb) —U(d) +jd .

2The normalization of the first equation is consistent with our general convention for propagators, that have an i
in the numerator. For instance, the free retarded propagator in Fourier space reads: Gg (p) = i/(p? +1ip°e).
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(The superscript 0 is a reminder of the fact that this is a free Green’s function, that does not
depend on the interaction potential U(¢).) Note that G g (x,y) obeys the same equation if
acted upon with [, instead.

. O . . .
Now, from the equations obeyed by ¢ and by G, we can write the following equations,

G (xy) Oy &) = 62 (x,y) [ily) — W (o(y))] ,
GO (x,y) Dy dly) = ~is(x—y)o(y), (B.3)

where the arrows on the d’Alembertian operators indicate on which side they act. By inte-
grating these equations over y above the initial surface t = 0, and by subtracting them, we
get the following relation

pix) =i |y &x,y) 1By ~ Oyoty) +ily) - Wietw)] (B.4)

The last step is to show that the term that involves the difference between the two d’Alem-
bertian operators is in fact a boundary term that depends only on the initial conditions. Note
first the following identity,

= - — —

where the leftmost 0" acts on everything on its right. In other words, the left hand side is
a total derivative, and its integral over d*y can be rewritten as a surface integral thanks to
Stokes’ theorem. The integration domain defined by y°® > 0 has three boundaries:

i. y® = +oo: this boundary at infinite time does not contribute, by virtue of the definition
of the retarded Green’s function GOR . Indeed, GOR (x,y) = 0ify® > x°.

ii. y© = 0: this boundary gives a non zero contribution, that depends only on the initial
conditions for the field ¢.

iii. Boundary at spatial infinity : this boundary does not contribute if we assume that the
field vanishes when [x| — oo, or if we adopt periodic boundary conditions in the spatial
directions.

Therefore, we obtain

o) = i | ay 62ty - Uoty)

y°>0

+i J d3y Gg(X,y)(ggo — Syo)qb(y) . (B.6)
yo=0

This is the Green’s formula we were looking for. The second term in the right hand side tells
us how ¢(x) depends on the initial values of & (x) and of its first time derivative. We see that
it is not necessary to know anything else on the initial surface in order to uniquely determine
the solution. The first term in the right hand side provides the dependence on the source j,
and on the interactions.
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Figure B.1: Typical contribution to ¢(x) in the diagrammatic representation of eq. (B.6), in the
case of cubic interactions. The solid dots represent the sources j, the open circles represent
the initial value of the field or field derivatives on the surface y® = 0. The lines are retarded
propagators Gg.

Except in the trivial case where the potential U(¢) is zero, eq. (B.6) does not provide
an explicit result for ¢(x), since the right hand side depends on ¢(y) at points above the
initial surface. Despite this limitation, this is a very useful tool in order to perform formal
manipulations involving retarded solutions of eq. (B.1). To end this section, let us mention
a diagrammatic interpretation of eq. (B.6), illustrated in figure B.1. One can expand the
right hand side of eq. (B.6) in powers of the interactions. The starting point is the zeroth
order approximation, obtained by setting the potential to U = 0, and then by proceeding
recursively in order to keep higher orders in U. The outcome of this expansion is an infinite
series of terms that have a tree structure. The root of this tree is the point x where the field is
evaluated, and its leaves are either sources j (if there are any above the surface y° = 0) or the
initial data on the surface y° = 0. In particular, if the source j(x) vanishes at y° > 0, then
all the j dependence of the classical field is implicitly hidden in the ¢(y) that appears in the
boundary term.

B.2 Extension to a generic initial surface

In the previous section, the initial conditions for the field ¢ have been set on the surface of
constant time y® = 0. However, there are many situations in which this initial data is known
on a different initial surface’. Let us consider a generic surface X, on which the field ¢ and
its derivatives are known. As before, we wish to obtain a formula that expresses ¢ (x) at some
point x above X in terms of these initial conditions on X.

Most of the derivation is identical to the case of a constant time initial surface, with all
the integrals over the domain y® > 0 replaced by integrals over the domain Q located above
2. The only significant change occurs when we apply Stokes’ theorem in order to transform
the 4-dimensional integral of a total derivative into an integral over the boundary of Q. Like
in the previous case, the boundaries at infinite time, and at infinity in the spatial directions do
not contribute, and we have only a contribution from the surface X. Stokes’ theorem can then
be written as

J d*y 9, F*(y) = —Jd3sy n.F*(y), (B.7)
(0} >

3Many applications of Green’s formulas in this manuscript require that we take the light-cone as the initial
surface.
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where d3 Sy is the measure on the surface X, and n* is a 4-vector normal to the surface *
at the point y, pointing above the surface X. In the important case where the initial surface
is invariant by translation in the transverse directions, the proper normalization for n* and
d3 Sy can be obtained as follows. Parameterize an arbitrary displacement dy* on the surface
¥ about the point y as dy* = (Bdy?3,dy’, dy?, dy3), where B is the local slope of the
surface I in the (y3,y°) plane. Then, we have:

n,dy* =0,
nnt=1, n°>0,
d*Sy = /1 — B2 dy'dy?dy® . (B.8)

The second and third conditions require to have 3 < 1 in order to make sense. This implies
that the surface X must be locally space-like. Physically, this means that a signal emitted
from a point of the surface X cannot reach the surface again in the future. The relations (B.8)

Figure B.2: Ilustration of egs. (B.8).

Q n*
dy*

are illustrated in figure B.2. Note that the orthogonality defined by n,,dy* = 0 does not
correspond to the Euclidean concept of orthogonality.

The limiting case of a surface X parallel to the light-cone can be handled as the limit
3 — 17 in the above equations. In this limit, the vectors n* and dy* are both parallel to
the light-cone (and therefore tangential to the surface £ in the Euclidean sense), as illustrated
in figure B.3. Moreover, this limit is a bit pathological since the vector n* would need to

Figure B.3: Illustration of eqs. (B.8) in the limiting case of a surface X parallel to the light-cone.

z

have infinite components in order to fulfill n,n* = 1. This problem is easily circumvented,

because the vanishing prefactor \/1 — 32 from the measure d3 Sy can be absorbed into the
definition of the vector n*, which makes its components finite. For this particular case of
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surface X, Stokes’ theorem can be rewritten more simply in terms of light-cone coordinates
as:

J d*y 9, F*(y) = delﬁdy‘ dy? F(y) . (B.9)
(0} PR

Thanks to eq. (B.7), it is possible to write the Green’s formula for an arbitrary initial
surface ¥ as

bix) = ] a'y 62y ity - U(bly)
Q

s @8, G2xy)n 3y —n 0,)(y). (B.10)
z

For an arbitrary surface X, the second term in the right hand side of this formula tells us ex-
plicitly what information about ¢ we must provide on the initial surface in order to determine
it uniquely above the surface: at every point y € X, one must specify the values of the field
¢(y) and of its normal derivative 1. - 0y d(y).

B.3 Green’s formula for small field fluctuations

Consider now a small perturbation a(x) to the classical field, and assume that a(x) < &(x).
Therefore, one can linearize the equation of motion of a(x), and we get

[DX —I—U"(d)(x))} alx) =0. (B.11)

Treating the term U” (¢ (x))a(x) as an interaction, we can easily derive a Green’s formula
that expresses the field fluctuation a(x) in terms of its initial conditions on a surface Z,

al) = ] a'y 62ny)[ - W (ly)laly)
Q
—HJdSSy Gg(x,y)(w Sy —n- 9y)aly) . (B.12)
z

Eq. (B.12) is illustrated in the figure B.4. Every diagram contributing to a(x) has exactly

one instance of the initial value of a(y) (represented by an open square in the figure) on the
initial surface. Indeed, it is easy to see from eq. (B.12) that a(x) depends linearly on its value
a(y) on the initial surface. This is a consequence of the fact that equation of motion for a
small fluctuation is a linear equation.

By comparing the figures B.1 and B.4, one sees that they differ only by the fact that
one instance of the field ¢(y) has been replaced by the small fluctuation a(y) on the initial
surface. Therefore, we expect a linear relationship between a(x) and ¢(x), of the form

alx) =T d(x), (B.13)
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Figure B.4: Typical contribution to a(x) in the diagrammatic representation of eq. (B.12), in the
case of cubic interactions. The solid dots represent the sources j, the open circles represent
the initial data for ¢ (y) on the surface y® = 0, and the open square the initial data for a(y).
The lines are retarded propagators Gg . The red dashed line is the retarded propagator of the
fluctuation in the background &, i.e. an inverse of the operator (1 + U" ().

1 X

where T is a linear operator that substitutes one power of ¢ (y) by a(y) on X (i.e. an operator
that involves first derivatives with respect to the initial conditions on X). It is easy to prove
this relation by using eqs. (B.10) and (B.12). In order to do so and at the same time determine
what the operator 7 is, let us apply T to the Green’s formula that gives ¢(x). We get*

Toi) = i d'y G2y~ W(ely) Toly)
Q
N
+iTJd3Sy Go(x,y)(n 3y —m- 3y)d(y) . (B.14)
b
If the boundary term in this formula can be made identical to the boundary term in the Green’s

formula for a(x), then we will have proven the announced relationship between a(x) and
¢&(x). This is the case if the operator T is chosen as

)
) S e |

a-T,

+(n-0a (B.15)

b
dd(y)

T = Jd35y {a(g)
b

which is nothing but the operator that substitutes a(y) to ¢(y) on the initial surface Z, as
announced. We will use frequently the notation a - Ty, in which T is the generator of the
translations of the initial field® at the pointy € X. Thus, we will write:

a(x) :Jd3Sy [a-Ty] ¢(x) . (B.16)
T

This formula is useful in situations where the classical field ¢(x) is not known analytically
(usually because the non-linear interactions prevent one from finding explicit solutions). Not

4Since T acts only on the initial fields on £, we have Tj = 0.
SIn particular, if we denote by d[do] the classical field whose initial value on I is ¢, then we have

exp {JdSSy [ap - Ty }} dldol = dldo + aol .

pX
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knowing ¢(x) explicitly means that one cannot solve explicitly the equation of motion of
the fluctuation a(x) either. However, many manipulations involving the fluctuations can be
performed thanks to eq. (B.16), without knowing explicit solutions.

Let us also mention another useful representation of the small fluctuation a(x), in terms
of the retarded propagator G, over the background ¢. This dressed propagator is defined by

[Dx ""u//(d)(x))} SR(X&I) = —15(7(—9) )

9e(xy)=0 ifx° <y°. (B.17)
In terms of this propagator, the Green’s formula for a(x) is a pure boundary term,
X 3 — —
a(x) =i[d’Sy G (x,y)(n- 9y —m- dy)a(y) . (B.18)
b

In other words, the interactions with the background field ¢ —that appear in the first term
of eq. (B.12)— are now entirely resummed in the dressed propagator G,. Note also that this
relation implies

in3sy 9, (x,y)(n- 3y —1- 9y )aly) =Jd38y [a-Ty] $(x) . (B.19)
b b
In particular, this identity implies:
L (x)
SR(X,U) - _15(116(1)(9)) )
80
(m-0y)S:(x,y) = léd)(y) (B.20)

B.4 Schwinger-Keldysh formalism

In some problems related to heavy ion collisions at high energy, one needs to compute sums
of tree diagrams in the Schwinger-Keldysh formalism. As we shall explain in the next sec-
tion, these sums can be expressed in terms of solutions of the classical equations of motion
with boundary conditions that depend on the details of the tree diagrams being summed.
The determination of the boundary conditions is done by comparison with some appropriate
Green’s formulas.

In the case of the Schwinger-Keldysh formalism, one is considering a pair of fields ¢ (x),
that are both solutions of the classical equation of motion

Oxd+(x) + U (dL(x)) =ij(x) . (B.21)

(For simplicity we take the same source j(x) for the two fields, but this limitation is easily
circumvented if necessary.) Since the Schwinger-Keldysh propagator GO+ . is also a Green’s
function of the operator [J,, we can reproduce the previous derivation of Green’s formula,
which leads to®

belx) = i[d'y 68 (xy) [ity) ~ W)

y0:+oo

+ [ @y [0yl — dye)bs (] , (B.22)

yO=—o0

SHere also, the prefactors i follow from our convention for the propagators of the Schwinger-Keldysh formalism
(see eqs. (A.20)).
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where we used the notation [f(y° )]32;2 = f(b) —f(a). The only difference with the Green’s

formula derived with retarded propagators is the boundary term: since Gﬂ +(x,y) does not
vanish when y° > x, there is also a non-zero contribution from the boundary at y° = +oo.

Then, by using the fact that 0, G _ (x,y) = 0, we obtain in a similar way :

0 = ifaty 6 txy)[iy) - wio-w)]

4@y [yl — Dye)o-ty) (B.23)

Subtracting this equation from eq. (B.22), we obtain

bolx) = 1@y 68 (xw) i) Wi (v)] ~ 62 (xy)[jv) U6 )]

~i @y [62.00) By 0w~ GO (v y) Bye b-wl]

yO=—o0

(B.24)

— — —
where A 90 B=A(9dyo — 9y0)B. Similarly, we obtain for ¢ (x) :

b-0) = 1@y 60 (x ) ()Wl (v)] ~ 6 (x,)[jv) - (o ()]

y0:+oo

“t[ @y 60 (x,) Dye d2u) ~ 60 (5 y) Fyo 6-(v)]

yO=—o0

7(B.25)

At this point, these formulas are rather formal, and it is not clear why we have gone through
the trouble of subtracting the quantity given by eq. (B.23), since it is identically zero. This
will become transparent in the next section, where we show that these formulas enable one to
sum series of tree diagrams encountered in the Schwinger-Keldysh formalism.

Note also that the only property of the propagators G° + and G O that we have used
in this derivation is the fact that they are annihilated by the operator [ly. Therefore, the
equations (B.24) and (B.25) remain valid if we replace these propagators by any other pair of
propagators sharing the same property. For instance, one can replace the propagators G°+,
and G® . of egs. (A.20) by the following objects

_ a4 .

GL 0yl = | s T i) 2005015067,

=0 d4P —ip-(x—y) 0 2

c* vy = e v(p) 20 +p)5(p?) , (B.26)

where u(p) and v(p) are some arbitrary functions of the momentum p, without altering any
of the formulas in this section. We will make use of this freedom in the next section.
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B.5 Summing tree diagrams using Green’s formulas

In heavy ion collisions at high energy, observables at leading order involve sums of tree
diagrams. These sums of diagrams can in general be expressed in terms of solutions of the
classical equations of motion. However, in order to determine them uniquely, one must know
the boundary conditions obeyed by these classical solutions. The strategy in order to obtain
them is to write the sum of tree diagrams as a recursive integral equation. Then, by comparing
this integral equation with a Green’s formula such as eq. (B.6), one can read off the boundary
conditions easily.

B.5.1 Sum of retarded trees

Let us illustrate this first in the simplest case, where one must sum all the tree diagrams built
with retarded propagators, and whose leaves are a source j(x). Let us call ¢(x) the sum of all
such tree diagrams. Given the recursive structure of such trees, one can write immediately :

bix) =i a'y 82 xu ity ~ Wb(y)] (8.27)

where the integration over d*y is extended to the entire’ space-time. Therefore, we see that
this formula is identical to a Green’s formula like (B.6), where the initial surface would be at
y® = —oo instead of y° = 0, and where the boundary term would be identically zero. This
means that the sum of these tree diagrams is a retarded solution of the classical equation of
motion with a null boundary condition in the remote past

Oxd(x) + U (d(x) =j(x),
lim ¢(y%y)=0. (B.28)
y°——co

B.5.2 Sum of trees in the Schwinger-Keldysh formalism

Consider now a more complicated example, in which one must sum tree diagrams in the
Schwinger-Keldysh formalism. Now, each vertex in a diagram is carrying an index € = =+.
For simplicity, we assume that the + and — sources are identical, so that we still have a
single source j(x). Because this is necessary in certain applications, we are going to use

the modified propagators Ei— and G‘i . defined in egs. (B.26), instead of the propagators
GY_ and G°, defined in egs. (A.20) (the propagators G9 , and G° _ are kept unchanged).
In addition to summing over all the possible trees, we sum over all the combinations of +
indices at every internal vertex. Again, it is easy to write the sum of these trees as two coupled
integral equations (there are now two fields ¢ (x) depending on the index carried by the root
of the tree) :

bol) = i [a'y 62,00l [iv) ~ (- (w)]
“t @y & ity - Wo-w)]
b0 = i[a'y T xw)[ity) - W)

~t [ @ty & xuity) - Wo- ()] - (8.29)

This is because in the Feynman rules the integration at each vertex is extended to the full space-time R*.
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At this point, we recognize that the right hand side of these equations is identical to the first
term in the right hand side of egs. (B.24) and (B.25). From this observation, we conclude that
& (x) and ¢_ (x) are solutions of the classical equation of motion,

Oxdr(x) + W (ds(x) =jx), (B.30)

and that they obey the following boundary conditions

3 0 — —0 — y°=-+oo
@y [62.00y) Byo &1 (y) = G2 (0y) By b ()] =0,
3 —0 — 0 — y®=+oo
@y [G,(0y) By buly) =GO (x,y) 3ye 0-(w)] |~ =0.
(B.31)
As one can see, we have now coupled boundary conditions for the fields ¢ and ¢_. More
importantly, the boundary conditions involve the value of the fields both at y® = —oo and at
0
Yy~ = +o0.

These boundary conditions are non-local in coordinate space, since they involve integrals
over d3y on the surfaces y° = +oo. However, they can be simplified considerably if one
uses the following Fourier representations for the propagators

GO (X ) — d3p e(xo _ O)efip%xfy) + e( o _ X0)6+ip~(xfy)

++ ?y J (27_[)32]3 y y )
GO (X ) — [ d3p G(XO o O)e+ip<(x7y) + 9( o _ XO)efip-(xfy]

B Pz i ” ’
—0 [ d3 I
G, (xy)= ] ﬁ u(p) e™? (v) »
—0 d3 —ip.(x—
G (oY) = ﬁv(p) et (x-y) | (B.32)

Compared to the expressions of these propagators in eqs. (A.20) and (B.26), we have per-
formed explicitly the integration over p° in order to obtain these formulas. Thus, whenever
p° appears in these expressions, it should be replaced by the positive on-shell value p° = [p].
The other ingredient we need in order to simplify the boundary conditions is a Fourier repre-
sentation for the fields ¢ 1 (y),

Pely) = J . [0 pye Py [y, pyetiny ] (B.33)
(27_[)32p € ) € b

The superscripts (£) on the Fourier coefficients serve to distinguish the positive and negative
energy modes. Note that because the fields ¢4 (y) are not free fields, these Fourier coeffi-
cients are time dependent. In practice, one may assume that the interactions are switched off
at y° = 400, so that the coefficients fg;i) (y°, p) tend to constants when y° — +oo. How-
ever, these limiting values are different at y© = +o0 and at y© = —oo0, and we must keep the
y© argument to distinguish them. To proceed further, one needs the following result,

Jd3y eteP V) G o P 45 eF P (2m)2p5(p — ') (B.34)
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valid for €, €’ = =+. Tt is then straightforward to rewrite the boundary conditions as

3
J (2;‘1%2]3 et (11 (00, p) = u(p) [ (00, p) — 1) (—o0, p)] )

_eiip.xf(vj-) (—o0, p):| =0,

3
J (2;1%210 e (1 (o0, p) = v(p) [f1 (00, p) — 11 (—o0, p)] )

—e“p"‘f(:)(—oom)} =0. (B.35)

These relations must be satisfied at any point x in R*. Therefore, one can exploit the fact that
the plane waves exp(£ip - x) are linearly independent in order to get separate conditions for
each mode p:

fELH(*OO)P) = f(—_)(*oo)p) =0,
1) (+00,p) = u(p) £ (o0, p)

£ (+00,p) = v(p) £ (400, p) . (B.36)

One sees that the boundary conditions have a very compact expression in terms of the Fourier
coefficients of the fields ¢+. At y® = —oo, ¢ (y) has no positive energy modes and ¢ (y)
has no negative energy modes. At y® = oo, the negative energy modes of ¢ (y) and
¢_(y) are proportional (with a proportionality relation that involves the function u(p)). A
similar relation, that involves the function v(p), holds between their positive energy modes
at go = +o00. Egs. (B.36), together with the equations of motion (B.30), determine uniquely
the fields ¢ (x) and therefore provide the solution to our original problem of summing tree
diagrams in the Schwinger-Keldysh formalism. One should however keep in mind that this
solution is somewhat formal, because it is extremely difficult to solve a non-linear field equa-
tion of motion® with boundary conditions specified both at y® = —oo0 and y°® = +oo0.

Let us also mention that these boundary conditions become considerably simpler in the
case where u(p) = v(p) = 1, i.e. when one is summing tree diagrams in the unmodified
Schwinger-Keldysh formalism. Indeed, from the second and third of egs. (B.36), we see that
the fields ¢ (y) have identical Fourier coefficients at y® = +oco. Therefore, the two fields
must be equal in the limit y® — +oco. Then, by solving their equation of motion backwards
in time, one sees trivially that they are equal at all times (since they obey identical equations
of motion),

if u(p)=vip)=1, d;(x)=¢ (x), ¥xeR*. (B.37)
Finally, the first of eqs. (B.36) tells us that

if ulp)=vip)=1, 0lim d+(x)=0. (B.38)

XY ——00

To summarize, when u(p) = v(p) = 1, the two fields ¢ (x) are equal to the retarded field
that vanishes when x° — —oo. This result could in fact have been obtained by a much more

81f one were dealing with an ordinary differential equation (i.e. with zero spatial dimensions), this problem can be
solved by an iterative point and shoot technique. This method is difficult to generalize with guaranteed convergence
in the case of field equations.
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elementary argument. Indeed, in the unmodified Schwinger-Keldysh formalism, one sees
easily that the summation over the + indices at the vertices of tree diagrams always leads to
the following combinations of propagators,

GY,-G}_ =6, -c°_=@G°. (B.39)

In other words, summing over these indices amounts to replacing all the propagators in a
given tree by retarded propagators, and one is thus led to the problem discussed in section
B.5.1.
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Appendix C

Small fluctuations
in a background field

alculating next-to-leading-order corrections in the Color Glass Condensate fra-
mework involves small field fluctuations propagating over a classical field. In
this appendix, we derive some useful properties of these small fluctuations. In
order to keep the notations simple, the derivation is illustrated for the case of
scalar fields, but the generalization to gauge fields is immediate.

C.1 Basis of retarded small fluctuations

Fluctuations occur in the problems discussed in this manuscript as variations around some
classical field configuration. It may happen that these fluctuations obey non retarded bound-
ary conditions (see the section 2.6.4 for instance), which makes them rather complicated to
handle. However, because the equation of motion of small fluctuations is linear, it is al-
ways possible to write them as a linear superposition of small fluctuations that obey retarded
boundary conditions. Let us introduce ay(x), defined by the equation of motion

[+ W o) ax(x) =0, (1)
and the retarded boundary condition
lim  ag(x) =e kX, (C.2)
x0——o00

We must also introduce their complex conjugate aj (x), which obeys the same equation of
motion (because the potential U(d) is real), and the following retarded boundary condition,
Jim ag(x) = etikx (C.3)

XY ——00

The ay(x), combined to their complex conjugates aj, (x), form a basis of the space of small
field fluctuations. Therefore, any solution of the equation of motion for small fluctuations can
be written as

3
a(x) = J (23;)7;{% {cxlj ax(x) + «k ax(x)], (C4)

where the ok are constant coefficients that must be determined from the boundary conditions
(the boundary conditions in general lead to a set of linear equations for the coefficients).
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C.2 Completeness relations

The set of small fluctuations {ai (x), aj(x)} obey some useful relations, that are a conse-
quence of unitarity. Consider first two generic solutions a; (x) and az(x) of the equation of
small fluctuations. In order to make the notations more compact in the rest of this appendix,
it is useful to introduce the following notations

la) = (E&D , (a]=(a*(x) a*(x)) oz, (C.5)

where the dot denotes a time derivative and o, is the second Pauli matrix. Thanks to the fact
that the background potential U” (¢ (x)) is real, one can construct from a; and a; an inner
product which is an invariant of the time evolution of the two fluctuations. This quantity
is reminiscent of the Wronskian for two solutions of a second order ordinary differential
equations, and it is defined as follows

(ar]ay) = iJ ax [a] 00 az(x) — @i (x) a2(0)] (C.6)

where 0 is the second Pauli matrix. Although (a1 |a2) could possibly depend on time
(since one integrates only over space in its definition), it is immediate to verify that

0
30 (ar1]az) =0. (C.7)
Since it is a constant in time, one can compute this inner product from the value of the
field fluctuations in the remote past. This is particularly handy when the fluctuations under
consideration are specified by retarded boundary conditions, as is the case for ax(x) and
aj(x). One finds

(ak|ar) = (2m)32ks(k—1),
(ap|a}) = —(@2m)’2ks(k—1),
(ax|lar) = (ax|ay)=0. (C.8)

Consider now a generic solution a(x) of eq. (C.1). Since the ay and aj, provide a basis
of the linear space of solutions, one can write a(x) as a linear superposition of ay and aj,

d3k .

where the coefficients oX do not depend on time or space. By using the orthogonality rela-
tions obeyed by the vectors |ay) and |aj), one gets easily

of = (ax|a) , of =—(ai|a). (C.10)

By inserting these relations back into eq. (C.9), and by using the fact that it is valid for any
small fluctuation a(x) solution of eq. (C.1), we obtain the following identity

a3k
Jm [lax) (x| — ) (i

} 1. (C.11)
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This identity is valid at all times over the space of solutions of eq. (C.1). It is a manifes-
tation of the fact that, when the background field is real, the time evolution preserves the
completeness of the set of states |ay), |aj).

Eq. (C.11) can also be written in a more explicit form in terms of the Fourier coefficients
of the field fluctuations ay, aj. Let us decompose these fluctuations as

d3 . _ )
ax(x) = ‘[7(271)521) {a](:r](xo,p) e x4 a](< )(xo,p) e+1p'x} ,
a3 , o k(= ipx
ax(x) = Jﬁ[ak(ﬂ(xo,p)e P +ak( J(x%,p)etip } (C.12)

(ﬂ:)( (F)

(Note that we obviously have a;i X%, p) = la, (x°, p)I* .) The Fourier coefficients at
x% = 400 can be obtained as scalar products between the states ’ak>, ’a,*(> and free states,

a1(<+)(+00»P) = _(aék’ak) ) a](:)(""_OO»p) = (O'Ok‘ak) )

0y (oo,p) = —(adilai) @i (o0,p) = (aok|af) (€13)

where apx and af, are defined in a similar way to ay and aj, except that they obey the
in-vacuum equation of motion (i.e. with U”(¢$) = 0). In the previous formulas, all the scalar
products must be evaluated at x° = +o0. By multiplying eq. (C.11) by (aop or (agpf on
the left and by |aoq) or ]aéq) on the right, we obtain the following relations among the

Fourier coefficients at x° = +o0 of the fluctuations ax, ay,
d3k N el w(—e’
| Gz [a 9 (oo, plak ™ (oo, 4) — 0l (oo, play (o0, q)]
= edee (21)°2p8(p—q) . (C.14)
A similar relation holds for the Fourier coefficients at x° = —oo, but there it is somewhat

trivial because the fluctuations ay, ajy, are simple plane waves. The interest of this relation is
that it remains true after the time evolution of the fluctuations over a non trivial background.

C3 G-(xy)=5-+(x,y)for (x —y)* <0

In the section 2.6, we need to evaluate the propagators G, and §_ of the Schwinger-
Keldysh formalism in the presence of a background field. These propagators were conve-
niently expressed in terms of the fluctuations ay and ajy, via the relations:

3
5oy = | e ok axly)
3
5 0vy) = | Gy axXaily) c15)

From their definition as expectation values of field operators,

Si—(xy) = (dWd(x)), S_(xy) = (X)), (C.16)

it seems that these two propagators should be equal when evaluated for a space-like interval,
i.e. for (x —y)? < 0. However, this property is not obvious in eq. (C.15). The goal of this
section is to show in more detail how this property comes about.
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C.3.1 Elementary proof for equal times
For the particular case of equal times, x° = y°, and different locations, x # vy, this property
of the dressed G4+ propagators can be proven by a very elementary method.

First of all, it is easy to check that the corresponding free propagators obey this property:

Gif(x,y) = G(Lr(x,y) if x°=4y% and x#y. (C.17)

(This can be checked by an explicit calculation of these free propagators in coordinate space.)
Note that as x = Y, these two propagators are not equal. In fact, their difference at equal times
is proportional to &(x — y).

Let us now construct the dressed propagators G and G_ iteratively, order by order
in the background field. Here, it is important to assume that the two Schwinger-Keldysh
components of the background field are equal (A, = A_ = A). Consider the order 1 for

9i:|:(x>9):

6" (xy) = ijd“zﬂ(z) (62, (6 2)G2_(2,y) ~ 62_(x,2)6°_(z,y)]

6" (xy) = ijd“zﬂ(z) (62 (6 2)G2 (2,y) ~ 62_(x,2)G.. (z,y)] -
(C.18)

The next step is to decompose the free propagators Gi L and G 9 _in terms of the off-diagonal
components:

GY (xy) = 8(x*—y°)G°%, (x,y)+6(y° —x"G} (x,y)
G% (xy) = 8(x*—y”GS (x,y)+06(y° —x"G%, (x,y). (C.19)

If we assume that x° = y°, the integration over z° in egs. (C.18) can be split into the ranges
2% < x% and z° > x°, and in each of these ranges one can replace the +-+ or — propagators
by either the +— or —+ propagator. This substitution leads to

6 (xy) = i j a*z A(2) [62, (%, 260 (z,y) ~ G (% 2)G°, (z,y)]
6y = i j d*2 A(2) [62, (x,2)6%_(z,y) — GS_(%,2)G2 (z,y)]

z0<x0

(C.20)

Thus, we see explicitly that le (xy) = 9(,141 (x,y) if x° = y°. Note also that the contribu-
tion coming from the range z° > x° has identically cancelled out in the integrals. This is a
consequence of our assumption that A, = A_.

In order to generalize these results to any order in the background field, it is sufficient to
notice that the decomposition of eqgs. (C.19) is also valid for the propagators at order n in the
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background field. Then, by writing the order n + 1 as the convolution of the order n and a
free propagator, one arrives easily at

sy = i J d*z A(z) [si“j(x,z)G‘i_(z,y)—9&“J(x,z)69+(z,y)],

s xy) = i J d'z A(2) [$7) (%, 2)GS_(z,y) — (6,206, (2,y)] -
20 <x0

(C.21)

This proves the identity ™" (x,y) = §'™"")(x,y) at equal time, and by induction com-

pletes the proof of this identity for the dressed propagator.

One can also note an additional property, valid if the background field A(z) is real. In
this case, the propagators G _(x,y) and §_ (x,y) are mutually complex conjugate for any
points x and y (this is obvious either from egs. (C.15) or iteratively' from eqs. (C.21) after
checking that the property holds for the free propagators). Therefore, since they are equal at
equal times, they must also be purely real at x° = y°.

C.3.2 Extension to generic space-like intervals

Figure C.1: Backward light-cones of summits x and y for a space-like interval (x — y)* < 0.

The darker green and red segments on ¥ represent the support of Ty, @(x) and Ty, @(y)
respectively. Since they have no point in common, the integral in eq. (C.25) is zero.

The case of a generic space-like interval between the points x and y is not so elementary,
but it can be derived from our previous result for equal times. To do so, we must go back to
the representation of egs. (C.15) for the G4+ propagators, and recall eq. (2.98),

ax(x) = Jd3 Su [ax-Tyu] @(x) . (C.22)
b

For the integration surface X, we will chose a constant time surface, so that the measure d3 Su

I'The 1 in front of the integral is crucial (i.e. the insertion of the background field should be iA(z) with a real
A(z)).
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is simply the usual 3-volume element d3u. Thanks to this formula, we can write

Si-(xy) = J (Zij;(Zk stud3v [[ai Ty (p(x)} [[ak - T, ] (p(y)]

>
S-+(xy) = J &k idsud% [[ak'Tu] @(X)H[aiTv] @(y)].
(C23)

The result of the previous subsection tells us that since the points u and v both lie on the same
equal-time surface X, we have

3
J'(ziﬁ [ai(u) (lk(V) - ak(u)ai‘((v)] X 6(11—\)) R (C.24)

from which we get

G (6 y) =91 (xy) o | du [Ty (0] [Tuey)] - (C.25)

Me—

From causality, T, @(x) is non-zero only if the point u is located inside the backward light-
cone of summit x. Likewise for T, @(y). Thus, the above integral is zero if we can find a
constant time surface X such that the intersections of the light-cones of summits x and y with
2 have no point in common. This is the case if the interval x — y is space-like, as illustrated
in the figure C.1.
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Appendix D

Light-cone coordinates,
Light-cone gauge

ynamical aspects of high energy scattering simplify when expressed in the so-
called light-cone coordinates. Indeed, they make some of the kinematical prop-
erties of such collisions more manifest — in particular, the invariance under
Lorentz boosts in the longitudinal direction. Similarly, the light-cone gauge is
the gauge that makes the parton interpretation of the structure of a fast hadron
manifest. In this appendix, we first define light-cone coordinates. Then, we define the light-
cone gauge, and compute the gluon propagator in the gauge A+t = 0. Finally, we derive the
Green’s formula for a retarded classical field in the gauge At = 0, in order to obtain the LC
gauge expression of the operator T, introduced in the section 2.6 of this manuscript.

D.1 Light-cone coordinates

The light-cone coordinates v, v~ are defined from the standard Cartesian coordinates by
choosing a reference axis. If one takes the z axis as the reference, their definition reads:
0143 0_ 3
+_ V' Fv __ V=V

vz V2

where V" is an arbitrary 4-vector. The transverse coordinates v are left unchanged.

v

) D.1)

The main advantage of light-cone coordinates is that they simplify the kinematics in situ-
ations that involve fast moving objects in the z direction. For instance, light-cone coordinates
lead to a particularly simple form for Lorentz boosts in the z direction:

1+p3
vt o 1_6\)*,
_ 1-3 _
Voo 1+(3v ,
v, — Vi, (D.2)
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where {3 is the velocity of the boost. Thus, a longitudinal boost just amounts to a rescaling of
the components v, with no mixing. For a boost in the +z direction, with a velocity close to
the speed of light, the + components become large while the — component shrinks to zero.

Another place where a simplification due to light-cone coordinates is manifest is in the
expression of the d’ Alembertian operator:

O0=20"0"—-V?, (D.3)

where we denote! 07 = 9/0x™ and 9~ = 9/0x". One sees that this operator becomes
first order in derivatives with respect to either of the longitudinal coordinates, contrary to its
expression in Cartesian coordinates.

Finally, in light-cone coordinates, the covariant product of two vectors u* and v* takes
the form:

w-v=utv +u vt —u, v, (D.4)
and the 4-volume element is

d*v=dvtdv d*v, . (D.5)

D.2 Gluon propagator in LC gauge

The light-cone gauge is a particular case of axial gauge fi - A = 0 in which the vector A"
is light-like. Typically, this gauge is used in problems involving a fast moving color charge,
with a vector fi* aligned with the velocity of the projectile. The importance of this gauge is
due to the fact that it makes manifest the parton model of hadrons.

Consider the QCD Lagrangian to which we add a gauge fixing term proportional to (i -
A)?Z,
C :_lFa FHV+i(ﬁ.A)Z (D.6)
o4 ma 2x ) ’
We are mostly interested in the case where fi - A = A, but in fact most of the discussion is
valid for any vector i*. In order to determine the free propagator in this gauge, we need first
to isolate the quadratic part of the Lagrangian,

1 1
Lot = AL DG =043 + &ﬁ“ﬁV}AS : (D.7)
The free propagator we are looking for is a Green’s function of the operator in the square
brackets. Its calculation is best performed in momentum space, where we need to invert

1
—g"Vk? + KMKY + &ﬁ”ﬁv . (D.8)

Because this tensor is symmetric in (i, v), its inverse must be a linear combination of g*V,
kHkY, ikAY and kHAY 4+ kYAM. Writing the most general linear combination of these ele-
mentary tensors, and multiplying it with eq. (D.8), we finally obtain the following expression
for the propagator in momentum space :

gy e LY KR RAY
K (f-k)2 K2 K2(f- k)

IThese notations have been chosen because 9T (resp. 07) transforms like the + (resp. —) component of a
4-vector under a Lorentz boost in the z direction.
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Note that this expression is still incomplete, because we need to add ie€’s to the denominators
in order to make the propagator regular on the real energy axis. Doing so amounts to choosing
certain boundary conditions for the fields that evolve according to this propagator. The central
object in the studies presented in this manuscript is the retarded propagator, which has all its
poles below the real energy axis. This amounts to writing:

Dg:;(k) =1i|—

ghv KHKY ii? KHAY 4+ KViH
KZ+1k0% T (A ktie)? (“ k2+ik°e> (k2+ikO€)(fi - k+ie)
(D.10)
(This choice for the ie prescription of the fi - k denominators is indeed retarded if n® > 0.
We will assume that this is the case.)

In the case of the light-cone gauge At = 0, this amounts to choosing a vector fi* that
has i~ = 1 and all its other components zero. Moreover, we work in the strict light cone
gauge, that corresponds to the limit « — O for the gauge fixing parameter. The propagator
simplifies somewhat in this limit :

(1) i v KHRY VAR

- D.11
0,k 2 +ikoe |9 A-k+ie (D-11)

Note that this propagator is zero if any of its Lorentz indices is equal to +.

D.3 Green’s formulas in LC gauge

An essential ingredient in our discussion is the Green’s formula that expresses a field fluctu-
ation in terms of its value on some initial surface. In this appendix, this initial surface will
be the light-like plane defined by x~ = 0, but our derivation is more general than that and
applies to any (locally space-like or light-like) initial surface.

D.3.1 Green’s formula for a small fluctuation in the vacuum

Consider first a small field fluctuation a* propagating in the vacuum. In the strict light-cone
gauge, it obeys
at (y) =0 )
[Oyg"Y =050y ]avly) = 0. (D.12)
It is easy to check that the free propagator D 8"; (x,y) obeys

PRY

DP o (o) [ Ou g — oY 1 = ilg? — & 5(x — D.13
HO»R(’H)[DUQ y y} 9 70 (x—y), ( )

where the arrows indicate that the derivatives act on the left. Now, multiply eq. (D.12) by
DS:: (x,y) on the left, eq. (D.13) by a+(y) on the right?, integrate y over all the domain
defined by y~ > 0, and subtract the two equations. One obtains

— —
af(x) = —i J d*y DPy o, (x,y)[ 380y — Oy 9"V ]av(y), (D.14)
y >0

2When we multiply eq. (D.13) by ay on the right, the second term vanishes thanks to the gauge condition
fl - a = 0 obeyed by the gauge field fluctuation.
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— — — . .
where A=A — A. Using the relations

— —
AOB = a“[A 9, B8],
ANV B = %a”[A3V8]+%aV[A3“B], (D.15)

we see that the integrand in eq. (D.14) is a total derivative. Therefore, we can rewrite this
integral as an integral on the boundary of the integration domain. If the derivative we integrate
by parts is a ' or 9, then the corresponding boundary is located at infinity in the direction
y! or y respectively. We assume here that the field fluctuation under consideration has a
compact enough support so that these contributions vanish. We are thus left with the terms
coming from the derivative 1. The contribution from the boundary at y~ = +oo is zero,
because of our choice of the retarded prescription for the propagator. Therefore, the only
contribution is from the boundary aty~ = 0,

. iy — 1 Gy v e
@®fx) =t | dy" Py, Doy [0 (0 9y)-3 (0 8 ynY 3 ) fany),

y =0
(D.16)

where n* is a vector such that n - dy = O for any infinitesimal displacement dy* on the
surface y~ = 0 (it is the unit vector normal to the surface y~ = 0, in the sense of the
Minkowsky scalar product). This formula indicates how the value of the fluctuation at the
point x is related to its value on an initial surface located aty~ = 0 (Note that this dependence
is linear since small fluctuations obey a linear equation of motion). A priori, it involves
the values of all the components of the fluctuation on this surface, as well as that of its
first derivatives. However, some of this information is not necessary because the propagator
vanishes when p = + and because of the gauge condition a™ (y) = 0. If one eliminates from
the previous formula all the terms that are obviously zero and integrate some terms by parts?,
we get aP(x) = Bflal(x), where Bf[a](x) is an integral that depends only on the value of
the field and of some of its derivatives on the initial surface,

Bl = i | ay'ey, {[osiny)a W)
y =0
—D§ (6 y)[dhauy)] ~ D8 (v y) 20, aly)} . (D7)
Therefore, it appears that in the light-cone gauge A™ = 0, and for an initial surface y~ = 0,

we need to know the initial value of a—, 9~ a® and 0, a* in order to fully determine the value
of the fluctuation at the point x. This fact is the reason why there are only three terms in the
definition of the operator T, in eq. (3.39) (but we postpone until the end of this section the
explanation of why one needs to include the Wilson line Q) in this definition).

Moreover, the first term in the right hand side of eq. (D.17) can be simplified by using the
explicit expression of the free propagators in light cone gauge :

DG (6 y) =877 0(x —y ) 8(x" —y")s(x1L —y.) . (D.18)

— — .
3The antisymmetric derivatives y and ?  can be eliminated by integration by parts. This is not possible for

o
) Ij since the boundary term does not contain an integral with respect to y—. This is why we have a term involving
the derivative 9y D~ .

'R
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D.3.2 Green’s formula for classical solutions

There is also a similar Green’s formula for retarded classical solutions of the Yang-Mills
equations. Contrary to the case of small fluctuations, we do not assume that the gauge field
is small, and we keep all the self-interactions as well as the interactions with some external
source. Formally, we can write the Lagrangian as

L = Lguaa — U(A) (D.19)

where U(A) is a local polynomial of the gauge field. It contains the 3- and 4-gluon couplings
and the coupling to the external source. In the AT = 0 gauge, the corresponding classical
equation of motion is

_ ou(A)
a oA (y)

Then one can follow the same procedure as in the case of small fluctuations, to obtain

[Oyg"Y — 050y | Ay (y) . (D.20)

oU(A)
Aty T

AP(x) = —i J d*y D" (x,y)

»R

[Al(x) (D.21)

y—>0

where the boundary term is the same as in eq. (D.17) with A" instead of a*. Of course, the
dependence of the classical field on its initial conditions is no longer linear because of the
first term in the right hand side; the self interactions of the gauge fields lead to an involved
dependence on the initial conditions.

D.3.3 Green’s formula for a" in a background field

Finally, the Green’s formula of eq. (D.17) can be extended to the situation where the fluc-
tuation a*(x) propagates on top of a classical background field A" rather than the vacuum.
The only change is the addition of a bulk term that takes into account the interactions of the
fluctuation a*(x) with the background field A" above the initial surface,

92U(A)

A ()A(y) a“(y) + Bglal(x) . (D.22)

af(x) = —i J d*y Dg (x,y)

y >0

The derivation of this formula is very similar to that for the classical field A*.

In the derivation of the IMWLK equation, the fluctuations a*(x) one considers are fluc-
tuations whose initial condition at xX° — —oo are plane waves of momentum k. One can
calculate explicitly their value on the initial surface, which means that we know analytically
the quantities a—, 0~ a' and 9, a* in the rh.s. of eq. (D.17). A crucial property is that the
initial values of a~ and @~ a' are suppressed by an extra factor k= ~ 1/k™, and thus any
term containing them cannot have a divergence when k* — +oo0.

Our goal is to calculate the logarithms that occur when k* — 400 solely by inspecting
the boundary term in eq. (D.17). For this to work, no logarithms should be produced by the
interactions of the fluctuation with the background field above the initial surface. The simplest
way to achieve this is to be in a gauge where the background field is zero above the initial
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surface. It is very simple to achieve this in the specific situation encountered in the derivation
of the IMWLK equation, because this background field is a pure gauge: A* = ig~' Q" Q.
In this special case, the Green’s formula that gives the fluctuation at the point x takes a very
simple form,

@ = -0l | ayay, {08yl emwa ()
y—=0

—D§ . (x,y) [659(9)%(9)} —D§! (x,y) 20, Q(y)ai(y)} )
(D.23)

in which there is no bulk term. All the interactions of the fluctuation with the pure gauge
background field are taken into account by the Wilson lines Q and Q. To obtain this expres-
sion, one should apply a gauge transformation Q) that eliminates the background field above
the initial surface (this is possible because it is a pure gauge), and perform the inverse trans-
formation at the endpoint x. This is why the most convenient definition of T, in eq. (3.45)
involves functional derivatives with respect to the background field transformed by Q rather
than the background field itself*.

D.4 Propagation through a shockwave background

A common problem involving small fluctuations in the context of high energy collisions in
QCD is to study the propagation of the fluctuation on top of the classical field created by a
fast moving charge. Let us assume a color charge distribution p(x—, % ), corresponding to a
projectile moving in the +z direction. At high energy, this distribution of charge is localized
near x~ = 0, for instance in the strip 0 < x~ < € with € infinitesimal. It is well known that
in the Lorenz gauge (0,,A" = 0), the classical solution of Yang-Mills equations that vanishes
in the remote past is:

A (x) = 0,

Alx) = 0,

- 1

.A+ (X) = 7?1 ﬁ(Xi,XL) . (D24)

(The tilde indicate objects expressed in the Lorenz gauge, to distinguish them form the LC
gauge ones.)

We are now going to solve the equation of motion for a small fluctuation propagating
on top of this classical field. The source p being almost a delta function at x~ = 0, this is
also the case for the only non-zero component of the classical field, i.e. A. Obviously, the
propagation of the fluctuation is trivial in the regions where all the components of the classical
field are zero since the equation of motion there is the Klein-Gordon equation. Therefore, we
need only to determine the change of the fluctuation when it crosses the strip 0 < x~ < €.
Since the background field behaves as a delta function in this strip, we expect a discontinuity
for the fluctuation.

40f course, the two ways of defining T+, —with and without the Q- are exactly equivalent. But if we did not
include the Q) in the definition, the logarithmic divergences would come from a combination of the second and third
terms of eq. (3.39), instead of being limited to the third term if we include the Q in the definition of T'y,.
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The difficulty in solving the equation of motion of the fluctuation in this strip varies
widely depending on the choice of the gauge for the fluctuation. It turns out to be very
complicated in the Lorenz gauge’. However, there is a trick that consists in noticing that
egs. (D.24) can also be interpreted as the classical solution in the A~ = 0 gauge. The great
advantage of this gauge, compared to any other gauge, is that the incoming fluctuation does
not alter the color charge distribution on the +z axis. Indeed, from the covariant conservation
of the current, [Du, ]“] = 0, we see that only a non-zero minus component of the fluctuation
can have an influence on the current whose only non-zero component is the + component.
Therefore, in this gauge the color current J* is fixed once for all, and does not receive any
correction due to the incoming fluctuation.

By writing the Yang-Mills equations for the field A" 4 @" in the A~ = 0 gauge and
expanding to order one in the fluctuation @", one obtains the following equations of motion
for the fluctuation:

9 at—o'at = o0,
Oa' —2ig[A*,07a"] = o0,
Oa* —2ig[AT,07a'] = 2ig[d*A",a']. (D.25)

The first of these equations does not contain any derivative with respect to x—. Therefore, it
can be seen as a constraint that relates d* and d* at each x~. The second equation contains
only the transverse components of the fluctuation, and should be solved first. In the strip
0 < x~ < ¢, one can check that its solution is®

di(XjL)xi)xJ_) = u(xiva_) ﬁi(X+,O,XJ_) ) (D26)

where U is a Wilson line defined by

X

U(x",x1)=T_ exp {igj

dz= A (2 ,x L)} . (D.27)
0

(T_ denotes an ordering of the formula in z~.) Eq. (D.26) tells us the value of the discon-
tinuity of the fluctuation a* when it goes from x~ = 0 to x~ = €. In order to obtain the
same information for the component @+, we can either solve the constraint (first equation),
or solve the third equation. Both calculations give the same result:

at(xtyxT,xy) =Ux T, x)at (xt,0,x )+ [otU(x T, x )] a%di(x“L,O,xL) . (D.28)

We see that the components 4 and 1 mix while they are propagating through the strip where
the background field is non-zero.

5See the appendix of [1].
SNote that one relies here on the fact that € is infinitesimal. This would not be an exact solution for a finite €.
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Appendix E

Laplacian Green’s function
in two dimensions

qualities involving the Green’s function of the Laplacian operator in two di-
% mensions (or its derivatives) are very useful in the derivation of the IMWLK
m equation. The formulas we present in this appendix are scattered in the origi-

nal works discussing the JIMWLK equation. We compile them here, with their
derivation, as a convenience for the reader.

E.1 Definition

Let us denote G(x; — Yy, ) a Green’s function of the 2-dimensional Laplacian operator,

07 Glx1—yy) =8(x1—y,). (E.D)
It admits a simple Fourier representation,

1

ki

A%k i
G(XL_UL):—J'(ZTE; etk (xi-y.)

(E2)

Note that this object suffers from an infrared problem, which is obvious for dimensional
reasons: this propagator is a dimensionless object in coordinate space, invariant under trans-
lations and rotations, and therefore it must be a function of u‘x 11—y L} where p is some
mass scale that was not present in the previous equation.

E.2 Derivatives of the Green’s function

Derivatives of this propagator do not suffer from this infrared ambiguity. Consider for in-
stance'

; I T Kkt
L G(x1—y,) zlj 22 etk (xi—y.) = (E.3)
1
ILet us recall that 9% = azi :_aii'
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From its symmetries and dimension, it is obvious that this derivative can be written as

Xy —yl
(x1—y,)?’
where the prefactor C is dimensionless. Because the derivative of the propagator is not in-
frared singular, the cutoff p cannot appear in its expression and C must be a pure number
(otherwise it would have to be a function of u|x 1—Y J_| to have the correct dimension). In
order to determine the constant, take another derivative 0}, and integrate over x | the resulting
equation over some domain Q of the plane that contains the point y ; . On the left hand side,
we get the integral of 5(x; — y ) since G is a Green’s function of OZL. We then get

L G(xL—y,)=C (E.4)

X —yt

1=C J dixg o L. (E.5)
Q (x1—y,)

The right hand side can be transformed by using the 2-dimensional Stokes theorem, leading

to an integral on the boundary of Q) (oriented counter-clockwise)

‘:—CJ eV (x} —yi)dv
o0 (xL—yy)?

where €Y is completely antisymmetric (with €'? = 1). The contour integral in this equation
is a topological invariant, that depends only on the winding number of the contour 9() around
the point y , . It is best calculated by deforming Q) into the unit circle around the point y | .
We get easily

, (E.6)

1=-2nC. (E.7)
Thus we have
T xi—yl

o e (E.8)

L G(xL—y,)=

The second derivative of the propagator is also useful in the derivation of the IMWLK
equation. By applying 0% to the previous equation, one obtains

D 1 . xi i
KR GHxL—Yy) = —5- aiﬁ
_ 1 si X~y —y))
2n(x 1 —y.)? (x1—yy)?

(E.9)

This formula, although perfectly correct for x; # Yy, is incorrect at the pointx; =y .
In order to see this, take the trace over the indices i and j. In the left hand side, we have the
Laplacian of the propagator, i.e. (x, — Yy ), while the right hand side would give zero. The
full formula for the second derivative is

. Y 1 ..
0,0, G(x1—y,) :75(XL_yL)+EAU(XL_yL) ) (E.10)
with
. . G, -y —y))
ij _ = Yy_o L L L L E.11
A (XJ_ yL) (Xl_yl)z o (Xl_yl)z ( )
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E.3 Useful identities

This function AY obeys an interesting identity. By integration by parts, one can check that

J d?u, d?v, (x| —ub)y, —v))
(2m)2 (2m)2 (xL —ui)?(y, —vi)
1 JdZuL (x} —ul)(y} —ul)

(2m)2 ) (2m)? (xL —uy)?(y, —uy)?

_ J a?uy d?v,  (xi —ui)(y, —v))
(2m)2 (2m)2 (xL —ui)?(y, —vi)

> 05,0),G(uy —vy) =

5 898(uL —v). (E.12)

Using now eq. (E.10), we obtain the following identity,

J'dZUL a2v,  (x —ui)(y, —v)) {51)'
2

1 .
307 (307 o w2y, v, L2 o gt | =0 @13

Let us also provide an alternate representation of the 2-dimensional propagator that is
sometimes helpful. Start with the integral

2 i i i i
Jd u, u; —x; u; —y;

(27 (ur —x1 )2 (wr—y, )2 sz‘“ LG x| [lGluL—y )] . E14)

The integral in the right hand side can be performed by parts, since it leads to the Laplacian
of a propagator, which is a delta function. Thus, we obtain the identity

Pus uiox uh-yl
(2m)? (up —x1)2 (ug —y, )%~

G(XL_UL):_J' (E.15)

Note that the integral over u suffers from the same infrared problem (when Ju, | — oo in
this representation) that we have already mentioned at the beginning of this appendix.
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Appendix F

Liouville equation

= luctuations on top of a classical field configuration may be instable and lead to

secular terms in observables, making them divergent a late times. Such fluctu-

ations arise via loop corrections, and need to be resummed in order to obtain
o expressions that remain finite at all times. In the last part of this manuscript,
we have shown that the resummation of the most divergent loop corrections is
equivalent to a Gaussian average over the initial conditions for the classical field encountered
at leading order. Equivalently, this resummation can be performed by solving the classical
Liouville equation with a Gaussian initial condition. In this appendix, we recall some well
known properties of the Liouville equation.

F.1 Hamilton’s equations

In this appendix, we denote generically the canonical coordinates by Q, the corresponding
canonical momenta by P, and the Hamiltonian by J{. Hamilton’s equations read

0K . 0K

Q=% P=-35- (E.1)

Let us introduce a few useful notations :
_(Q _ (9/0Q _ ( 03t/oP
X= (P v V=lopr)  V=los00) - (2)
Hamilton’s equations can now be rewritten in the following compact form
X=V. (E.3)

This notation is suggestive of the fact that V is the velocity field induced on phase-space by
the Hamiltonian. A crucial property of Hamiltonian flows is that they are incompressible,

V-V=0. (F.4)

This identity is the essence of Liouville’s equation.
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F.2 Liouville’s equation

Consider an ensemble of such dynamical systems, all described by the same Hamiltonian .
At the time t, their distribution in phase-space is described by a density F:[Q, P], and we
wish to derive an equation that describes the time evolution of this distribution. Naturally,
the number of systems in the ensemble is not changing since each system evolves indepen-
dently of the others. Thus, 7 is the density for a locally conserved quantity. We have seen
before that each point in phase-space moves with the velocity V. Therefore, we can write a
continuity equation that expresses this conservation,

By using eq. (F.4), we can rewrite this equation as!

[at+v-v]§t:o. (F.6)
D¢

Note that the term V - VJF, is nothing but the Poisson bracket {Fy, H}. Thus, we see that both
egs (F.5) and (F.6) are equivalent to the usual form of the Liouville equation,

atff”t+{3"t,f}{}20. (F7)

The forms (F.5) and (F.6) of the Liouville equation are a useful reminder of its origin as the
continuity equation for the density of systems in phase-space, and because they make some
properties of Hamiltonian flows more transparent — in particular thanks to the flow derivative
D¢ introduced in eq. (F.6).

F.3 Basic properties

In this section, we derive some elementary properties of Liouville’s equation. To state some
of these properties, it will be useful to denote [dT] the measure on phase-space.

The most elementary property,
J[dl"] F = const (F.8)

is in fact just the integral version of Liouville’s equation itself. It is simply another way of
stating that the number of systems in the ensemble does not change over time. A similar
statement can be made about the energy if we note that”

DK =0. (F.9)

(which means that the Hamiltonian does not vary if we follow the flow). Then, by multiplying
eq. (F.6) by I, and by integrating over phase-space, we get

J[dl’] Fi H = const . (F.10)

This equation simply says that the total energy of our ensemble of systems is conserved.

n the form D{F¢ = 0, the Liouville equation leads easily to the Liouville theorem, that states that F is constant
along flow lines.
2This is due to 0t H = O and V - VH = {3, H} = 0.

226



Bibliography

[1] F. Gelis, Y. Mehtar-Tani, Phys. Rev. D 73, 034019 (2006).
[2] F. Gelis, R. Venugopalan, Nucl. Phys. A 776, 135 (2006).
[3] F. Gelis, R. Venugopalan, Nucl. Phys. A 779, 177 (2006).
[4] K. Fukushima, F. Gelis, L. McLerran, Nucl. Phys. A 786, 107 (2007).
[5] F. Gelis, T. Lappi, R. Venugopalan, Phys. Rev. D 78, 054019 (2008).
[6] F. Gelis, T. Lappi, R. Venugopalan, Phys. Rev. D 78, 054020 (2008).
[7] F. Gelis, T. Lappi, R. Venugopalan, Phys. Rev. D 79, 094017 (2009).
[8] A.Dumitru, F. Gelis, L. McLerran, R. Venugopalan, Nucl. Phys. A 810, 91 (2008).
[9] K. Dusling, F. Gelis, T. Lappi, R. Venugopalan, Nucl. Phys. A 836, 159 (2010).
[10] F. Gelis, T. Lappi, L. McLerran, Nucl. Phys. A 828, 149 (2009).
[11] K. Dusling, T. Epelbaum, F. Gelis, R. Venugopalan, Nucl. Phys. A 850, 69 (2011).
[12] K. Fukushima, F. Gelis, arXiv:1106.1396, to appear in Nucl. Phys. A.
[13] K. Dusling, F. Gelis, R. Venugopalan, Nucl. Phys. A 872, 161 (2011).
[14] T. Epelbaum, F. Gelis, Nucl. Phys. A 872,210 (2011).
[15] A.J. Baltz, L.D. McLerran, Phys. Rev. C 58, 1679 (1998).
[16] A.J. Baltz, F. Gelis, L.D. McLerran, A. Peshier, Nucl. Phys. A 695, 395 (2001).
[17] F. Gelis, R. Venugopalan, Phys. Rev. D 69, 014019 (2004).
[18] J.P. Blaizot, F. Gelis, R. Venugopalan, Nucl. Phys. A 743, 13 (2004).
[19] J.P. Blaizot, F. Gelis, R. Venugopalan, Nucl. Phys. A 743, 57 (2004).
[20] A. Krasnitz, R. Venugopalan, Nucl. Phys. B 557, 237 (1999).
[21] A. Krasnitz, R. Venugopalan, Phys. Rev. Lett. 84, 4309 (2000).
[22] A. Krasnitz, R. Venugopalan, Phys. Rev. Lett. 86, 1717 (2001).

[23] A. Krasnitz, Y. Nara, R. Venugopalan, Phys. Rev. Lett. 87, 192302 (2001).

227



[24] A. Krasnitz, Y. Nara, R. Venugopalan, Nucl. Phys. A 717, 268 (2003).
[25] A. Krasnitz, Y. Nara, R. Venugopalan, Nucl. Phys. A 727, 427 (2003).
[26] T. Lappi, Phys. Rev. C 67, 054903 (2003).

[27] A. Dumitru, K. Dusling, F. Gelis, J. Jalilian-Marian, T. Lappi, R. Venugopalan, Phys.
Lett. B 697, 21 (2011).

[28] T.S. Biro, C. Gong, B. Muller, A. Trayanov, Int. J. Mod. Phys. C 5, 113 (1994).

[29] U.W. Heinz, C.R. Hu, S. Leupold, S.G. Matinyan, B. Muller, Phys. Rev. D 55, 2464
(1997).

[30] T. Kunihiro, B. Muller, A. Ohnishi, A. Schafer, T.T. Takahashi, A Yamamoto, Phys.
Rev. D 82, 114015 (2010).

[31] P. Romatschke, R. Venugopalan, Phys. Rev. D 74, 045011 (2006).

[32] S. Mrowczynski, M.H. Thoma, Phys. Rev.D 62, 036011 (2000).

[33] S. Mrowczynski, Phys. Lett. B 314, 118 (1993).

[34] S. Mrowczynski, Phys. Lett. B 393, 26 (1997).

[35] S. Mrowczynski, Acta Phys. Polon. B 37, 427 (2006).

[36] S. Mrowczynski, Acta Phys. Polon. B 39, 1665 (2008).

[37] P. Arnold, J. Lenaghan, G.D. Moore, JHEP 0308, 002 (2003).

[38] P. Arnold, J. Lenaghan, G.D. Moore, L.G. Yaffe, Phys. Rev. Lett. 94, 072302 (2005).
[39] P. Arnold, G.D. Moore, L.G. Yaffe, Phys. Rev. D 72, 054003 (2005).

[40] P. Romatschke, M. Strickland, Phys. Rev. D 68, 036004 (2003).

[41] P. Romatschke, M. Strickland, Phys. Rev. D 70, 116006 (2004).

[42] A.K. Rebhan, P. Romatschke, M. Strickland, Phys. Rev. Lett. 94, 102303 (2005).
[43] A.K. Rebhan, P. Romatschke, M. Strickland, JHEP 0509, 041 (2005).
[44] P. Arnold, G.D. Moore, Phys. Rev. D 73, 025006 (2006).

[45] P. Arnold, G.D. Moore, Phys. Rev. D 73, 025013 (2006).

[46] P. Arnold, G.D. Moore, Phys. Rev. D 76, 045009 (2007).

[47] A.H. Mueller, A.L. Shoshi, S.M.H. Wong, Nucl. Phys. B 760, 145 (2007).
[48] P. Romatschke, A. Rebhan, Phys. Rev. Lett. 97, 252301 (2006).

[49] D. Bodeker, K. Rummukainen, JHEP 0707, 022 (2007).

[50] J. Berges, S. Scheffler, D. Sexty, Phys. Lett. B 681, 362 (2009).

[51] A.K. Rebhan, M. Strickland, M. Attems, Phys. Rev. D 78, 045023 (2008).
[52] A.K. Rebhan, D. Steineder, Phys. Rev. D 81, 085044 (2010).

228



[53] F. Karsch, et al. [RBC and HotQCD Collaboration], J. Phys. G35, 104096 (2008).
[54] P. Huovinen, P.V. Ruuskanen, Ann. Rev. Nucl. Part. Sci. 56, 163 (2006).

[55] P. Romatschke, Int. J. Mod. Phys. E 19, 1 (2010).

[56] D. Teaney, Prog. Part. Nucl. Phys. 62, 451 (2009).

[57] P. Romatschke, U. Romatschke, Phys. Rev. Lett. 99, 172301 (2007).

[58] I.P. Blaizot, E. Iancu, A. Rebhan, Phys. Lett. B 470, 181 (1999).

[59] J.P. Blaizot, E. Iancu, A. Rebhan, Phys. Rev. Lett. 83, 2906 (1999).

[60] E.D. Aaron, et al, [H1 and ZEUS Collaborations] JHEP 1001, 109 (2010).
[61] E.A. Kuraev, L.N. Lipatov, V.S. Fadin, Sov. Phys. JETP 45, 199 (1977).

[62] I. Balitsky, L.N. Lipatov, Sov. J. Nucl. Phys. 28, 822 (1978).

[63] M. Froissart, Phys. Rev. 123, 1053 (1961).

[64] L.V. Gribov, E.M. Levin, M.G. Ryskin, Phys. Rept. 100, 1 (1983).

[65] A.M. Stasto, K. Golec-Biernat, J. Kwiecinski, Phys. Rev. Lett. 86, 596 (2001).
[66] F. Gelis, R. Peschanski, L. Schoeffel, G. Soyez, Phys. Lett. B.647, 376 (2007).
[67] H. Kowalski, T. Lappi, R. Venugopalan, Phys. Rev. Lett. 100, 022303 (2008).
[68] H. Kowalski, D. Teaney, Phys. Rev. D 68, 114005 (2003).

[69] A.Deshpande, R. Ent, R. Milner, CERN Courier, October 2009.

[70] L.D. McLerran, R. Venugopalan, Phys. Rev. D 49, 2233 (1994).

[71] L.D. McLerran, R. Venugopalan, Phys. Rev. D 49, 3352 (1994).

[72] L.D. McLerran, R. Venugopalan, Phys. Rev. D 50, 2225 (1994).

[73] L.D. McLerran, R. Venugopalan, Phys. Rev. D 59, 094002 (1999).

[74] L.D. McLerran, R. Venugopalan, Phys. Lett. B 424, 15 (1998).

[75] A. Ayala, J. Jalilian-Marian, L.D. McLerran, R. Venugopalan, Phys. Rev. D 53, 458

(1996).

[76] J. Jalilian-Marian, A. Kovner, L.D. McLerran, H. Weigert, Phys. Rev. D 585, 5414

(1997).

[77] J.Jalilian-Marian, A. Kovner, A. Leonidov, H. Weigert, Nucl. Phys. B 504, 415 (1997).

[78] J. Jalilian-Marian, A. Kovner, A. Leonidov, H. Weigert, Phys. Rev. D 59, 014014

(1999).

[79] J. Jalilian-Marian, A. Kovner, A. Leonidov, H. Weigert, Phys. Rev. D 59, 034007

(1999).

[80] J. Jalilian-Marian, A. Kovner, A. Leonidov, H. Weigert, Phys. Rev. D 59, 099903

(1999).

229



[81] E. Iancu, A. Leonidov, L.D. McLerran, Nucl. Phys. A 692, 583 (2001).

[82] E. Iancu, A. Leonidov, L.D. McLerran, Phys. Lett. B 510, 133 (2001).

[83] E. Ferreiro, E. lancu, A. Leonidov, L.D. McLerran, Nucl. Phys. A 703, 489 (2002).
[84] I. Balitsky, Nucl. Phys. B 463, 99 (1996).

[85] Yu.V. Kovchegov, Phys. Rev. D 60, 034008 (1999).

[86] Yu.V. Kovchegov, Phys. Rev. D 61, 074018 (2000).

[87] J.P. Blaizot, E. Iancu, H. Weigert, Nucl. Phys. A 713, 441 (2003).

[88] K. Rummukainen, H. Weigert, Nucl. Phys. A 739, 183 (2004).

[89] T. Lappi, Phys. Lett. B 703, (325 (2011).

[90] A. Dumitru, J. Jalilian-Marian, T. Lappi, B. Schenke, R. Venugopalan,
arXiv:1108.4764.

[91] E. Iancu, R. Venugopalan, Quark Gluon Plasma 3, Eds. R.C. Hwa and X.N. Wang,
World Scientific, hep-ph/0303204.

[92] F. Gelis, E. Iancu, J. Jalilian-Marian, R. Venugopalan, Ann. Rev. Part. Nucl. Sci. 60,
463 (2010).

[93] T. Lappi, Int. J. Mod. Phys. E20, 1 (2011).

[94] R.E. Cutkosky, J. Math. Phys. 1, 429 (1960).

[95] G. t'Hooft, M.J.G. Veltman, CERN report 73-9.

[96] J. Schwinger, J. Math. Phys. 2, 407 (1961).

[97] L.V. Keldysh, Sov. Phys. JETP 20, 1018 (1964).

[98] M.J.G. Veltman, Physica 29, 186 (1963).

[99] S.K. Kauffmann, M. Gyulassy, J. Phys. A 11, 1715 (1978).
[100] E.A. De Wolf, .M. Dremin, W. Kittel, Phys. Rept. 270, 1 (1996).
[101] C. Itzykson, J.B. Zuber, Quantum field theory, McGraw-Hill (1980).
[102] K. Fukushima, F. Gelis, T. Lappi, Nucl. Phys. A 831, 184 (2009).
[103] A. Kovner, L.D. McLerran, H. Weigert, Phys. Rev. D 52, 3809 (1995).
[104] A. Kovner, L.D. McLerran, H. Weigert, Phys. Rev. D 52, 6231 (1995).
[105] Yu.V. Kovchegov, D.H. Rischke, Phys. Rev. C 56, 1084 (1997).
[106] Yu.V. Kovchegov, Nucl. Phys. A 692, 557 (2001).
[107] I. Balitsky, Phys. Rev. D 70, 114030 (2004).
[108] R.J. Fries, J.I. Kapusta, Y. Li, nucl-th/0604054.
[109] J.P. Blaizot, Y. Mehtar-Tani, Nucl. Phys. A 818, 97 (2009).

230



[110] Yu.V. Kovchegov, Phys. Rev. D 54, 5463 (1996).

[111] T. Lappi, Phys. Lett. B 643, 11 (2006).

[112] A. Krasnitz, Y. Nara, R. Venugopalan, Phys. Lett. B 554, 21 (2003).

[113] T. Lappi, R. Venugopalan, Phys. Rev. C 74, 054905 (2006).

[114] T. Lappi, Eur. Phys. J. C 55, 285 (2008).

[115] M. Hentschinski, H. Weigert, A. Schafer, Phys. Rev. D 73, 051501 (2006).
[116] A.Makhlin, hep-ph/9608259.

[117] A.Makhlin, hep-ph/9608261.

[118] A.H. Mueller, Lectures given at the International Summer School on Particle Produc-
tion Spanning MeV and TeV Energies (Nijmegen 99), Nijmegen, Netherlands, 8-20,
Aug 1999, hep-ph/99112809.

[119] A. Dumitru, L.D. McLerran, Nucl. Phys. A 700, 492 (2002).

[120] F. Gelis, S. Jeon, R. Venugopalan, Nucl. Phys. A 817, 61 (2009).

[121] E. Iancu, D.T. Triantafyllopoulos, Nucl. Phys. A 756, 419 (2005).

[122] E. Iancu, D.T. Triantafyllopoulos, Phys. Lett. B 610, 253 (2005).

[123] A.H. Mueller, A.L. Shoshi, S.M.H. Wong, Nucl. Phys. B 715, 440 (2005).
[124] A. Kovner, M. Lublinsky, Phys. Rev. D 71, 085004 (2005).

[125] A. Kovner, M. Lublinsky, Phys. Rev. Lett. 94, 181603 (2005).

[126] Y. Hatta, E. Iancu, L. McLerran, A. Stasto, D.N. Triantafyllopoulos, Nucl.Phys. A 764,
423 (2006).

[127] I. Balitsky, Phys. Rev. D 72, 074027 (2005).

[128] H. Weigert, Prog. Part. Nucl. Phys. 55, 461 (2005).

[129] T. Lappi, L.D. McLerran, Nucl. Phys. A 772, 200 (2006).

[130] E. Iancu, K. Itakura, L.D. McLerran, Nucl. Phys. A 724, 181 (2003).

[131] B. Andersson, G. Gustafson, G. Ingelman, T. Sjostrand, Phys. Rept. 97, 31 (1983).
[132] T.S. Biro, H.B. Nielsen, J. Knoll, Nucl. Phys. B 245, 449 (1984).

[133] H. Ehtamo, J. Lindfors, L.D. McLerran, Z. Phys. C 18, 341 (1983).

[134] G. Gatoff, A.K. Kerman, T. Matsui, Phys. Rev. D 36, 114 (1987).

[135] B.I. Abeley, et al., [STAR Collaboration] Phys. Rev. C 80, 064912 (2009).

[136] J. Adams, et al., [STAR Collaboration] Phys. Rev. Lett. 95, 152301 (2005).

[137] J. Adams, et al., [STAR Collaboration] Phys. Rev. C 73, 064907 (2006).

231



[138] F. Wang, [STAR Collaboration] talk at Quark Matter 2004, J. Phys. G 30, S1299
(2004).

[139] A. Adare, et al., [PHENIX Collaboration] Phys. Rev. C 78, 014901 (2008).

[140] B. Wosiek, [PHOBOS Collaboration], Quark Matter 2008, J. Phys. G35, 104005
(2008).

[141] [CMS Collaboration], JHEP 1009, 091 (2010).

[142] T. Lappi, S. Srednyak, R. Venugopalan, JHEP 1001, 066 (2010).

[143] K. Fukushima, Phys. Rev. D 77, 074005 (2008).

[144] J.F. Gunion, G. Bertsch, Phys. Rev. D 25, 746 (1982).

[145] M. Gyulassy, L.D. McLerran, Phys. Rev. C 56, 2219 (1997).

[146] M. Daugherity, [STAR Collaboration] PoS C FRNC2006, 005 (2006).

[147] A. Kiyomichi, [PHENIX collaboration] Lake Louise Winter Institute: Fundamental
Interactions, Lake Louise, Alberta, Canada, Feb 2005.

[148] D. Kharzeev, M. Nardi, Phys. Lett. B 507, 121 (2001).

[149] D. Kharzeev, E. Levin, Phys. Lett. B 523, 79 (2001).

[150] H.J. Drescher, A. Dumitru, A. Hayashigaki, Y. Nara, Phys. Rev. C 74, 044905 (2006).
[151] H.J. Drescher, Y. Nara, Phys. Rev. C 75, 034905 (2007).

[152] E.V. Shuryak, Phys. Rev. C 76, 047901 (2007).

[153] S. Gavin, L. McLerran, G. Moschelli, Phys. Rev. C 79, 051902 (2009).

[154] Yu.V. Kovchegov, H. Weigert, Nucl. Phys. A 784, 188 (2007).

[155] E. Gardi, J. Kuokkanen, K. Rummukainen, H. Weigert, Nucl. Phys. A 784, 282 (2007).

[156] J.L. Albacete, N. Armesto, J.G. Milhano, C.A. Salgado, U.A. Wiedemann, Phys. Rev.
D 71, 014003 (2005).

[157] J.L. Albacete, Y. Kovchegov, Phys. Rev. D 75, 125021 (2007).

[158] J.L. Albacete, N. Armesto, J.G. Milhano, C.A. Salgado, Phys. Rev. D 80, 034031
(2009).

[159] J.L. Albacete, N. Armesto, J.G. Milhano, C.A. Salgado, arXiv:0906.2721.
[160] I. Balitsky, Phys. Rev. D 75, 014001 (2007).

[161] I. Balitsky, G.A. Chirilli, Phys. Rev. D 77, 014019 (2008).

[162] B. Alver, et al., [PHOBOS Collaboration] arXiv:0903.2811.

[163] G. Arnison, et al., [UA1 Collaboration] Phys. Lett. B 123, 108 (1983).
[164] G.J. Alner, et al., [UAS Collaboration] Phys. Lett. B 160, 193 (1985).

232



[165] G.J. Alner, et al., [UAS Collaboration] Phys. Lett. B 160, 199 (1985).

[166] R.E. Ansorge, et al., [UAS5 Collaboration] Z. Phys. C 37, 191 (1988).

[167] S.S. Adler, et al., [PHENIX Collaboration] Phys. Rev. C 76, 034903 (2007).
[168] A. Adare, et al., [PHENIX Collaboration] Phys. Rev. C 78, 044902 (2008).

[169] D. Kharzeev, Yu. Kovchegov, K. Tuchin, Phys. Rev. D 68, 094013 (2003).

[170] A. Giovannini, L. Van Hove, Z. Phys.C 30, 391 (1986).

[171] C.S. Lindsey, et al., [E735 Collaboration] Nucl. Phys. A 544, 343 (1992).

[172] M.A. Braun, C. Pajares, V.V. Vechernin, Phys. Lett. B 493, 54 (2000).

[173] J. Dias de Deus, E.G. Ferreiro, C. Pajares, R. Ugoccioni, Phys. Lett. B 581, 156 (2004).
[174] I.M. Dremin, J.W. Gary, Phys. Rep. 349, 301, (2001).

[175] .M. Dremin, V.A. Nechitailo, Phys. Rev. D 70, 034005 (2004).

[176] P. Romatschke, R. Venugopalan, Phys. Rev. Lett. 96, 062302 (2006).

[177] P. Romatschke, R. Venugopalan, Eur. Phys. J. A 29, 71 (2006).

[178] J. Bolte, B. Miiller, A. Schifer, Phys. Rev. D 61, 054506.

[179] H. Fujii, K. Itakura, Nucl. Phys. A 809, 88 (2008).

[180] H. Fujii, K. Itakura, A. Iwazaki, Nucl. Phys. A 828, 178 (2009).

[181] D.T. Son, hep-ph/9601377.

[182] P.B. Greene, L. Kofman, A.D. Linde, A.A. Starobinsky, Phys. Rev. D 56, 6175 (1997).
[183] R. Allahverdi, R. Brandenberger, F. Cyr-Racine, A. Mazumdar, arXiv:1001.2600.
[184] A.V. Frolov, JCAP 0811, 009 (2008).

[185] J. Berges, J. Serreau, Phys. Rev. Lett. 91, 111601 (2003).

[186] S.Yu. Khlebnikov, L.I. Tkachev, Phys. Rev. Lett. 77, 219 (1996).

[187] G. Aarts, J. Smit, Phys. Lett. B 393, 395 (1997).

[188] G. Aarts, J. Smit, Nucl. Phys. B 511, 451 (1998).

[189] J. Serreau, hep-ph/0410330.

[190] J. Berges, S. Borsanyi, J. Serreau, Nucl. Phys. B 660, 51 (2003).

[191] G. Aarts, J. Berges, Phys. Rev. Lett. 88, 041603 (2002).

[192] G. Aarts, J. Berges, Phys. Rev. D 64, 105010 (2001).

[193] G. Aarts, N. Laurie, A. Tranberg, Phys. Rev. D 78 125028 (2008).

[194] J. Berges, S. Borsanyi, C. Wetterich, Phys. Rev. Lett. 93, 142002 (2004).

233



[195] R.D. Pisarski, Phys. Rev. Let. 63, 1129 (1989).
[196] E. Braaten, R.D. Pisarski, Nucl. Phys. B 337, 569 (1990).

[197] J. Kapusta, C. Gale, Finite temperature field theory; Principles and applications (2nd
Edition), Cambridge University Press (2006).

[198] P. Arnold, C. Dogan, G.D. Moore, Phys. Rev. D 74, 085021 (2006).

[199] A.H. Mueller, D.T. Son, Phys. Lett. B 582, 279 (2004).

[200] S.Jeon, Phys. Rev. C 72, 014907 (2005).

[201] D. Bernard, cond-mat/0007106, Lectures given at IPhT, Saclay, France (2000).
[202] A. Polkovnikov, Annals Phys. 325, 1790 (2010).

[203] R. Kubo, J. Phys. Soc. Japan 12, 570 (1957).

[204] P.C. Martin, J. Schwinger, Phys. Rev. 115, 1342 (1959).

[205] M.V. Berry, J. Phys. A: Math. Gen. 1012, 2083 (1977).

[206] C.Jarzynski, Phys. Rev. E 56, 2254 (1997).

[207] J.M. Deutsch, Phys. Rev. A 43, 2046 (1991).

[208] M. Srednicki, Phys. Rev. E 50, 888 (1994).

[209] M. Rigol, V. Dunjko, M. Olshanii, Nature 452, 854 (2008).

[210] P. Aurenche, T. Becherrawy, Nucl. Phys. B 379, 259 (1992).

[211] P. Aurenche, T. Becherrawy, E. Petitgirard, hep-ph/9403320.

[212] M.A. van Ejjck, R. Kobes, Ch.G. van Weert, Phys. Rev. D 50, 4097 (1994).
[213] M.A. van Eijck, Ch.G. van Weert, Phys. Lett. B 278, 305 (1992).

234



Index

Balitsky-Kovchegov equation, 16, 112
Berry’s conjecture, 182
BFKL equation, v, 10, 112
Blast wave model, 102
Bose condensation, 176
Bose Einstein condensation, 165, 166, 171, 182
Boundary conditions, see Classical field
generator of translations, 39, 45, 62, 64, 69, 83, 156, 199, 218
Bremsstrahlung, 13

Chemical potential, 165, 171, 176
Chiral symmetry restoration, 5
Classical field, 34, 119
boundary conditions, 34, 44, 54, 57, 203, 204
instabilities, 121
retarded, 34, 52, 54, 83, 196, 203, 205
Classical source, 3, 13, 17, 18, 21, 52, 77
covariant conservation, 53
Color Glass Condensate, 3, 7, 10, 15, 51, 63, 68, 76, 77, 87
Confinement, 6, 12, 14
Agens 6
transition, 5
Connected graph, 18, 22, 26
Contour ordering, 188
Critical energy density, 5
Cutkosky, see Cutting rules
Cutting rules, 23

Decoherence, 147
Deep Inelastic Scattering, 9, 15

E735 experiment, 114
Eigenstate thermalization, 182
Eikonal coupling, 13
Energy
center of mass, 8
Energy-momentum tensor, 6, 81, 82, 87, 119
Entropy, 168
Equation of state, 6, 135, 139, 144, 148

235



Equilibrium, 121, 146
canonical, 152
Ergodicity, 135
Evolution operator, 185
Exclusive observables, 36, 60
External source, see Classical source

Factorization, 3, 59, 78, 84, 86
in time, 46
role of causality, 59
Fluctuations, 9, 43, 65, 67, 107, 127, 143, 148, 176, 207
basis, 39, 44, 207-209
classical field variation, 39
energy, 152
lifetime, 9
propagator, 38, 66, 191
Flux tube, 91, 96, 101, 109, 113, 119
Fock-Schwinger gauge, 54, 56, 61, 63
Fragmentation function, 51
Froissart bound, 10

Gauge condition, see Fock-Schwinger gauge, Light-cone gauge, Lorenz gauge
Gauge invariance, 14, 128
Generating functional
Feynman amplitudes, 31, 186, 190
multiplicity, see Particle spectrum
Schwinger-Keldysh, 31, 189, 190
Glasma, 91, 96, 101, 109, 113, 119, 122
Gluon
cascade, 10
density, v, 8, 10, 17
propagator, 217
recombination, v, 11
saturation, v, 7, 10, 12, 16
spectrum, see Particle spectrum
Green’s formula, 39, 40, 195, 196
for small fluctuations, 74, 199, 200
light-cone gauge, 215
on a generic Cauchy surface, 197
on the light-cone, 198, 216
Schwinger-Keldysh formalism, 201, 203

Hamilton equations, 225
Hanbury-Brown-Twiss interferometry, 6
Heavy ion collisions, v, 5, 7, 15, 49, 81, 87
Hydrodynamics, 6

initial conditions, 6, 51, 81, 87

Inclusive observable, see Particle spectrum; Energy momentum tensor
Interaction representation, 185

236



JIMWLK
equation, 15, 59, 68, 69, 76, 78, 217
Hamiltonian, 76-79, 83, 86
Langevin formulation, 16

Laplacian Green’s function, 70, 71, 221
Large Hadron Collider, 12
Lattice QCD, 5, 6
Leading Order, 33, 34, 52, 82, 84, 138
Light-cone

coordinates, 213

gauge, 53, 64, 69, 214
Liouville

equation, 133, 169, 225, 226

theorem, 134, 226
Logarithms, 15, 63, 65, 66, 68, 69, 72, 73, 76, 84, 86
Loop correction, see Next to Leading Order
Lorentz

contraction, 11, 13, 54

time dilation, 9, 13
Lorenz gauge, 55
LSZ, see Reduction formulas
Lyapunov exponent, 122, 135, 141

McLerran-Venugopalan model, 3, 10, 12, 15, 58, 98, 112
Momentum fraction, 7, 8, 10
Moyal equation, 177
Multiplicity, 7, 107
Bose-Einstein distribution, 114
clustering, 26, 28, 87
generating function, 27, 108
moments, 27, 109, 113
negative binomial distribution, 107, 114
Poisson distribution, 28, 29, 87, 107
probability distribution, 21, 25, 26, 30, 36

Next to Leading Order, 37-43, 46, 61, 62, 68-74, 76, 83-85, 123, 140
Occupation number, 161

Parametric resonance, 141, 150, 162, 171
Particle correlations, 26, 84, 87, 94-97, 107
Particle spectrum
generating functional, 29, 32, 43, 45, 52, 87
multiple inclusive, 30, 35, 42, 43, 46, 84-86
single inclusive, 21, 30, 33, 34, 37-39, 42, 51, 52, 58, 61, 62, 76, 77
Parton
model, v, 9
valence, 9, 10, 12
Perfect fluid, 6
Phase diagram, 5

237



PHENIX experiment, 102, 114

Poisson distribution, see Multiplicity
Polarization vector, 52

Power counting, 14, 18, 20, 22, 124, 125
Pressure, see Equation of state

Pure gauge field, 56

Quantum Chromo-Dynamics, 3, 5, 49
Quark Gluon Plasma, 6
Quasiparticles, 158, 167

Radial flow, 101

Reduction formulas, 31, 161, 185

Relativistic Heavy Ion Collider, 7, 12
Renormalization, 129

Retarded propagator, 40, 192, 195, 201, 214, 217

Saturation scale, 6, 11
Scalar field theory, 3, 17
Schwinger mechanism, 37, 93
Schwinger-Keldysh
formalism, 17, 23, 32, 38, 83, 185, 187
propagators, 24, 38, 189, 191
retarded basis, 192
Secular divergences, 121, 123, 142
Small x, see Momentum fraction
Spectral density, 155
STAR experiment, 7, 102

Thermal equilibrium, see Equilibrium
Turbulence, 165, 171

UAS experiment, 114
Unitarity, 10, 21, 27, 30, 44
Universality, 16, 59, 60, 78, 84, 86

Vacuum fluctuations, see Fluctuations
Vacuum-vacuum diagrams, 21, 25, 30, 187, 190
Valence partons, see Parton

Viscosity, 6

Von Neumann equation, 177

Wigner distribution, 177
Wilson line, 15, 56, 64, 66, 78, 86

Yang-Mills equation, 14, 52, 55, 58, 82, 85, 121, 122

238



	Abstract
	Relevant works
	Prologue
	Acknowledgements
	I Quantum Field Theory with Strong External Sources
	Quantum Chromo-Dynamics in heavy ion collisions
	Kinematics
	Nucleon structure at high energy
	Gluon saturation
	McLerran-Venugopalan model
	Color Glass Condensate

	Particle production from strong classical sources
	Power counting
	Generic features of the particle distribution
	Generating functional
	Inclusive moments at leading order
	Exclusive quantities at leading order
	Next-to-Leading Order corrections


	II Initial State Factorization in Heavy Ion Collisions
	Inclusive gluon spectra at Leading Log accuracy
	Gluon spectrum at Leading Order
	Leading logarithms in the single gluon spectrum
	Logarithms in the energy-momentum tensor
	Multigluon correlations at Leading Log accuracy

	RHIC phenomenology
	Glasma and color flux tubes
	Long range rapidity correlations
	Multiplicity fluctuations


	III Final State Evolution, Thermalization?
	Unstable modes; Secular Terms Resummation
	Unstable modes in Yang-Mills equations
	Resummation of the secular divergences
	Initial spectrum of fluctuations
	Time evolution of the distribution of initial conditions

	Toy model study: Scalar fields in a box
	Model setup
	Toy calculation with uniform fluctuations
	Equation of state
	Spectral properties and thermalization

	Conclusions and Perspectives

	IV Appendices
	Schwinger-Keldysh formalism
	Standard perturbation theory
	Schwinger-Keldysh perturbation theory
	Relation between the functionals Z and Zsk
	Propagators in a background field

	Green's formulas
	Green's formula for a retarded classical scalar field
	Extension to a generic initial surface
	Green's formula for small field fluctuations
	Schwinger-Keldysh formalism
	Summing tree diagrams using Green's formulas

	Small fluctuations in a background field
	Basis of retarded small fluctuations
	Completeness relations
	G+-=G-+ for space-like intervals

	Light-cone coordinates, Light-cone gauge
	Light-cone coordinates
	Gluon propagator in LC gauge
	Green's formulas in LC gauge
	Propagation through a shockwave background

	Laplacian Green's function in two dimensions
	Definition
	Derivatives of the Green's function
	Useful identities

	Liouville equation
	Hamilton's equations
	Liouville's equation
	Basic properties

	Bibliography
	Index


