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Die theoretische Beschreibung von Schwerionenkollisionen stellt ein aktives Forschungs-
gebiet dar. Experimentell werden Schwerionenkollisionen an Anlagen wie beispielsweise
dem LHC am européischen Kernforschungszentrum CERN und dem RHIC am Brookha-
ven National Laboratory durchgefiihrt.

Das ,Color Glass Condensate (deutsch: Farbglas-Kondensat) stellt ein geeignetes
Modell dar, um Schwerionen bei hohen Energien zu beschreiben. In diesem Modell erfolgt
eine Trennung der Freiheitsgrade nach ihren longitudinalen Impulsen entlang der Bewe-
gungsrichtung des Kerns. Die ,harten Partonen, welche longitudinale Impulse grofier
als die der Trennungsskala besitzen, konnen ausintegriert werden und dann als effektive,
klassische Farbladungsdichte aufgefasst werden. Diese wirkt dann als Quellterm fiir die
Dynamik der ,weichen“ Freiheitsgrade, welche longitudinale Impulse kleiner als die der
Trennungsskala besitzen. In diesem Modell kann der Erwartungswert von Observablen
durch die Mittelung iiber unterschiedliche Ladungskonfigurationen berechnet werden. Die
statistische Verteilung der Farbladungsdichten erfolgt iiber eine Gewichtsfunktion. Bei
sehr hohen Energien kann die Gewichtsfunktion durch eine Gauft-Verteilung beschrieben
werden, was unter dem Namen McLerran—Venugopalan-Modell bekannt ist. Um Rech-
nungen bei niedrigeren, experimentell zugénglichen Energien durchzufiihren, benétigt
man die Gewichtsfunktion fiir die Energieskala, die von Interesse ist. Wie man durch
Integration von weiteren Freiheitsgraden eine Verschiebung der Energieskala, bei der
die Trennung in ,harte* und ,weiche Moden erfolgt, durchfithren kann, wird durch die
sogenannte JIMWLK-Renomierungsgruppengleichung beschrieben. Diese wurde Ende
der 1990er Jahren erstmals formuliert.

In dieser Arbeit leiten wir die JIMWLK-Gleichung im Detail her. Des Weiteren fithren
wir eine Entwicklung der Gleichung fiir schwache Felder durch und zeigen explizit, dass
dies zur BFKL-Gleichung, welche seit den 1970er Jahren bekannt ist, fiihrt.






The color glass condensate framework is suitable for describing heavy nuclei at high
energies. In this framework there is a cutoff scale separating the degrees of freedom
according to their longitudinal momentum along the direction of the propagation of the
nucleus. The “hard” partons can be integrated out and they contribute to a classical
color charge density distribution which acts as a source term for the dynamics of the
“soft” partons. A suitable model to describe the gluon distribution at very large energies
is the McLerran—Venugopalan model. Passing from one energy scale to a lower energy
scale can be accomplished by the JIMWLK renormalization group equation.

We perform a detailed analysis of the JIMWLK equation and its derivation. Further-
more, we perform a weak field expansion of the JIMWLK equation and show that it
leads to the BFKL equation explicitly.
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Introduction

The standard model of particle physics is being verified at ever higher energies at the
large hadron collider (LHC). The standard model contains all known forces except for
gravity, namely the electroweak interaction and the strong interaction. Due to the
relative strengths of the coupling constants, the dynamics of particles which are charged
under the strong interaction is dominated by the strong interaction. It is well known
that the running coupling constant of quantum chromodynamics gets smaller at higher
energies — the theory is said to be asymptotically free. However, when studying the
dynamics of highly energetic nuclei and hadrons it turns out that the rise of the gluon
density is such that even in the regime of weak coupling a perturbative analysis breaks
down. In a frame in which the nuclei are ultra-relativistic they appear as thin sheets
of color charge propagating along the lightcone directions. In such a frame the gluon
correlations can be studied by a classical effective theory which was first proposed by
McLerran and Venugopalan [1, 2]|.

In the picture of an effective theory the irrelevant degrees of freedom above some cutoff
scale have already been integrated out. If one wants to go to lower energies, one therefore
has to integrate out further degrees of freedom. This was first done by Jalilian-Marian,
Kovner, Leonidov and Weigert [3, 4, 5| and the resulting renormalization group equation
was referred to as the JKLW equation. In the seminal work [6, 7| Iancu, Leonidov,
McLerran and Ferreiro provided a very thorough derivation of the equation and the
equation is now known as the JIMWLK! equation. The resulting renormalization group
equation is of the form of a Fokker—Planck equation. As known from statistical mechanics
one can pass to a corresponding Langevin formulation [9, 10] which has been studied
numerically in [11].

The theoretical study of heavy ions collisions remains an active area of research. Due
to the nonlinear nature of the equations governing the dynamics of the strong force,
analytic computations can be carried out only to a very limited degree and one often has
to resort to numerical methods. A promising approach is to solve the classical Yang—Mills
equations numerically using the colored particle in cell method. This has been carried
out for nuclei with finite longitudinal thickness [12, 13, 14]. A major obstacle of this
method is the choice of initial conditions. The simulations so far have been limited to
using the McLerran—Venugopalan model. A possible improvement to this method is to
include first-order quantum corrections by applying the JIMWLK renormalization group
equation to obtain refined initial conditions. However, this is not straightforward to do

'The acronym is pronounced “gym-walk” [8].



Introduction

since up to now the coefficients of the JIMWLK equation have only be computed for
nuclei of infinitesimal longitudinal thickness.

In Chapter 1 we give an overview of the color glass condensate framework. In
particular we will give the solutions to the Yang—Mills equation and discuss the McLerran—
Venugopalan model and its extension. In Chapter 2 we present an effective action
for the color glass condensate framework and work out the functional derivatives of
the terms in great detail. In Chapter 3 we will provide a careful derivation of the
JIMWLK equation and discuss its general structure. Finally, in Chapter 4 we perform
the weak field expansion of the JIMWLK equation, showing that it leads to the BFKL
equation. Generalities and some technical details are relegated to various appendices.
Appendix A gives an overview of the notation and conventions which we use throughout.
In Appendix B we give an overview of the group theory needed with an emphasis on the
gauge group SU(N). Appendix C covers the fundamentals of gauge theories. Appendix D
discusses Fourier transforms and generalizations thereof. Finally, Appendix E discusses
the propagators needed for our computations.
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Chapter 1.

The color glass condensate
framework

In this chapter we will provide an overview of the color glass condensate (CGC) framework.
Reviews of the topic can be found in [8, 15].

In Section 1.1 we will present solutions to the classical equations of motion for an
ultra-relativistic nucleus acting as a source for the gauge fields. In Section 1.2 we will
present the McLerran—Venugopalan model. In Section 1.3 we will discuss the quantum
extension to the McLerran—Venugopalan model.

1.1. Solution to the field equations

Consider a nucleus moving in the positive z direction, such a nucleus is said to be
right-moving. (Conversely, a nucleus moving in the negative z direction is referred to as
left-moving.) In a frame in which its velocity is near the speed of light, we can neglect
the hadron’s rest mass and have in cartesian coordinates

Pt = (P° P!, P? P3) = (P0,0,P). (1.1)
In lightcone coordinates (see Appendix A) the momentum is given by
Pt = (PT, P, P', P?) = V2P(1,0,0,0) = 6 V2P. (1.2)

This frame is usually referred to as infinite momentum frame (IMF).

Due to the fact that the hadron is moving very fast in the ™ direction, the correspond-
ing current J# can be taken to be only in the 2™ direction, i.e. we neglect any transverse
components, J* = 6 JT. A further assumption we will make is that the current is static
by which we mean that it is independent of lightcone-time, i.e. &y .J* = 0. This is called
quenched approximation and is motivated by the effect of time dilation. The current of
the hadron therefore is

(@) = 8 (), (1.3)

where ¥ = (7, @ ).

11



Chapter 1. The color glass condensate framework

The equations of motion of Yang—Mills theory are
D,F" =JY, (1.4)

where the fields take values in the adjoint representation and D,F* = 0,F" —
ig[A,,, F*] is the gauge covariant derivative in the adjoint representation. The equations
of motion for the individual components are

D! (2) = p(), (1.5a)
D, FH (z) =0, (1.5b)
D, Fr(z) = 0. (1.5¢)

Note that in this section we denote the fields by calligraphic letter to emphasize that
they are solutions to the classical equations of motion.

1.1.1. Covariant current conservation

In this section we call to attention that the assumption of a static current as a source
term for the Yang-Mills equation (Eq. (1.4)) is in general inconsistent. For the situation
we are interested in, it is however always possible to find a solution which is compatible
with the assumption of a static current. For more details see Section 2.1 in [6].

To see why the assumption of a static current is inconsistent, consider the covariant
divergence of the left-hand side of Eq. (1.4)

D, D, FH = D, (9, F" —ig[A, F*])
= 0y (OuF" —ig[ Ay, FM]) — ig[ Ay, 0, " — ig[ Ay, F*]]
= —ig[0y Ay, F'™] —ig[Au, O, F™ ] +ig[ Ay, 0, F"] + (—ig)*[Au, [Au, F*™
= —ig[0, Ay, F™] + (—ig)*[ Ay, [Ay, F*).

(1.6)
The first term of Eq. (1.6) can be rewritten as
[0, Ay, FH'Y] = %[&,A# — 0 Ay, FM. (1.7)
The second term of Eq. (1.6) gives
1
v (A F) = 5 (A, (A PP = [Aw, [Ay, F)
1
= 5 ([.A,,, [Azw]:lw” + [Aua []:WaAVH)
1
= 3P, A, A
1
= 5 llAv, A, 77, (1.8)

12



1.1. Solution to the field equations

where we used the Jacobi identity. Equation (1.6) therefore is
v o1 . v 1 v
D,D,F"" = _195[61/-’4# — Op Ay —ig[Ay, Ayl FH] = —195[}"11”7}“11 ]=0. (1.9)

From Eq. (1.4) it then follows that the covariant divergence of the current must vanish,
ie.

D,J" = 0. (1.10)

In the case that we assume a purely longitudinal current, J* = 5iJ *, Eq. (1.10) implies
that in general the current cannot be static. To see this insert the purely longitudinal
current into Eq. (1.10)

0= D+J+ = 8+J+ - IQ[A+, J+] = 8+<]+ - lg[A_, J+], (111)

where we used Ay = A~ (Eq. (A.10)). As can be checked by an explicit computation,
Eq. (1.11) is solved by

T (@) = Wi e @) T @, )W, (), (1.12)
’ TT,Zq
where we defined the Wilson line
ot
W+ o (Z) = Pexp (ig /+ dzt A_(z+,:i')> . (1.13)
Ty

Note that the path-ordering ensures that taking the derivative with respect to the
endpoint gives

8+Wx+,xj{ (@) =1ig A~ (x)Wﬁxg (Z). (1.14)

It is usual to take 2§ = —oc and set J™(z+ = —00, F) = p(¥). Equation (1.12) then
becomes

TH(@) = Wor o @p(@W] __ (3. (1.15)

Therefore it is inconsistent to assume a static current. However, in the case that we
have a solution A~ = 0 the Wilson lines become trivial and the current is independent
of 2 and therefore static. It turns out that the situation of interest here always admits
such a solution.

We note that the equation of motion Eq. (1.5a) therefore should in general be written
as

D' (2) = Wt oo (@)p(&) W], (). (1.16)

1,00

It is only for the the case that the classical solution satisfies A~ = 0 that the Wilson
lines become trivial and we recover Eq. (1.5a).

13



Chapter 1. The color glass condensate framework

1.1.2. Covariant gauge solution

In this section we will present a gauge, namely the covariant gauge, which allows one to
solve the Yang—Mills equation of motion explicitly.
We define the covariant gauge condition as follows

O A" = 0. (1.17)

We will always denote fields in the covariant gauge with a tilde.

We make the ansatz A*(z) = '/ A*(Z). This implies in particular that A~ = 0 and
A = 0. Furthermore we note that the ansatz is compatible with the gauge condition
since

At =0, AT = 0. (1.18)

The components of the field-strength tensor are
FH = ghA” — 9 AM — ig[AF, AY] = §4 oM AT — st o AT (1.19)
The only non-vanishing components of the field-strength tensor therefore are
Fit = _Ft - gi i+ (1.20)
The ‘+’ component of Eq. (1.4) then is
p=D,F't =D, Ft =9, F+ =9,0'A". (1.21)

The equation .
VA @) = —p(3) (1.22)

can readily be solved by

- 1 o
@) =~ [ Pyiimles —y ol u). (1.23)

We will also write this in the form

1

@) = [ Pyl it v, (1.24)
— VI
where we defined the Green’s function
(@1 |~y lys) = — o In| | (1.25)
T |—s =——n|lz, — )
iR —VJQ_ Yy o L Y|,

where the derivative should be viewed as acting to the left,! since (per definition)

(—V)a, (L] lyL)=I(z1,y.), (1.26)

B
_Vi

!Note that this is actually irrelevant for the Green’s function of the Poisson equation, since
(ﬂﬂ\ﬁ\w) = (w|ﬁ|iu)~

14



1.1. Solution to the field equations

where I(x,y, ) is defined as in Egs. (A.17). A better way to understand the above
expression is by writing the matrix element using the momentum operator, i.e.

1 1
<$L\_7vi’yﬁ = ($L|Fi|y¢>~ (1.27)

The main result of this section is that in the covariant gauge Eq. (1.17) we are able to
explicitly give the corresponding solution to the Yang—Mills equation for a given charge
distribution p.

1.1.3. Lightcone gauge solution

It is often convenient to work in the lightcone gauge, AT = 0. We will reserve labeling the
fields without decorators to this particular gauge (unless otherwise explicitly mentioned).

In Appendix C we discuss how one can pass from one gauge to another by means of a
gauge transformation in non-abelian gauge theory. We write for the gauge transformation
(Eq. (C.23)) from the covariant to the lightcone gauge

At =T <Aﬂ + ;aﬂ> Ut (1.28)
Inserting the gauge condition gives
0=At=U (/ﬁ + ;fﬁ) Ut (1.29)
which leads to the differential equation

otUt =0_U' = igaUT, (1.30)

where we used Eq. (A.11) and have written the covariant gauge field now as At =a.
Equation (1.30) is solved by

UT(Z) = Pexp (ig /x dz~ OC(Z_,.'I/'J_)) . (1.31)

0
Since the field « is hermitian, o = af, we have for the hermitian conjugate of Eq. (1.31)
— x7
U(¥) = Pexp —ig/ dz"a(z7,x1) |, (1.32)
zy

where P denotes anti-path-ordering and can be understood by noting that taking the
hermitian conjugate reverses the order of the fields.

The non-vanishing field components in the lightcone gauge are then obtained by the
gauge transformation (Eq. (1.28)) and read

Ai(&) = ;U(f)aim(f). (1.33)

15



Chapter 1. The color glass condensate framework

The non-vanishing components of the field-strength tensor in the lightcone gauge are
Fit — gt A
=-0_A
- Lo weuh
J
- —;(ELUaiUT + U (0_UY)
= — 2 (~igUad'U' + igUd (aUT))
g
= UdaUT. (1.34)
We will now verify explicitly that Eq. (1.33) satisfies the equation of motion
D, FHt = p, (1.35)

where the lightcone gauge source p is related to the covariant gauge source p via

p=UpU. (1.36)
We have ' ' A A
HF T = U aUt + U0 aU' + U ad;UT (1.37)
and ) )
[A;, Fi] = [éUaiUT, Udalt] = v (BaniaUT + U@iaaiUT> . (1.38)
1

where we have used O;UUT = —UQ;UT which follows from UUT = I. The equation of
motion (Eq. (1.35)) therefore is fulfilled:

D, Fr = 8, F —ig| Ay, F'T) = Ug,0'aUt = UpUT = p. (1.39)

1.2. The McLerran—Venugopalan model

In the previous section we established a relationship between the classical gauge fields A
and the corresponding color charge density distribution p. Given this relation one can
choose either as the variable for a model. In the McLerran—Venugopalan (MV) model
one usually chooses the charge density distribution p as the main variable.

The main idea of the model is that correlation functions of observables can by computed
by averaging over all possible charge distributions with an appropriate weight factor.
Given observables O1[p], ..., On[p] we have for their correlation function

[Dp]W [p]O1[p] - - - Onlp]
JDpIWp] ’

(O1[p] -~ Onlp])p = / (1.40)

16



1.2. The McLerran—Venugopalan model

where Wp] is the aforementioned weight function. It is often convenient to normalize
the weight function such that

/ Dol W o] = 1. (1.41)

For a normalized weight function the correlation function Eq. (1.40) then simply is

(O1l6)-+Oulpp = [IDAIW (61O [p]- - Ol (1.42)

In the following we will always assume that the weight function has been normalized
according to Eq. (1.41).
In practice it is advantageous to define the following generating functional

201 = [wawlsless ( [ &2 s als@p@)
= [wawiges ( / d%J“(f)pa(f)) , (1.43)

where the fields take values in the representation R and the index T'(R) of the repre-
sentation is defined as in Eq. (B.14). Given the generating functional, the correlation
functions (Eq. (1.42)) can be written as

(1.44)

(Ols]-++ Oulgly = 01 || -0

1.2.1. Gaussian weight function

In the case of ultra-relativistic nuclei at small x it is reasonable to assume that the values
of the color charge density distribution at separate spacetime points are completely
uncorrelated and that the charge is on average zero. This amounts to imposing the
following correlators |1, 2, §]

{pa(Z))p =0, (1.45a)
(Pa(@)ps(i))p = 12 (27 )80 (& — 7)), (1.45b)

where the longitudinal structure is encoded entirely in u?(z 7).
The correlators of Eqgs. (1.45) can be realized by the following weight function

TR) p(z7)
— ex _1 3@%
oo (-4 a7 2)

17



Chapter 1. The color glass condensate framework

The generating functional for this weight function is (using a compact notation for
integration as described in Appendix A.3)

201 = [wawlsless ( [ 7@

= [10iesn ([~ gzt @0l + @@
= [1Dslexo ( |- e ) — )@ (0ul@) = () 0u()

(2~

; u2<x->JG<f>Ja<f>)

= /[Dp] exp </f—2u2zx_)p“(f)pa(f) +M2($_)Ja(f)=]a(f))
—exp (= [ p2(@7)JU@D) (D)) [ [Dp]W]p]
3/ )/
— exp (; / u2(x_)Ja(f)Ja(f)>,
(1.47)

where we performed a shift in the integration variable and used the normalization
condition of Eq. (1.41).

We will now verify that the weight function Eq. (1.46) gives Egs. (1.45). The one-point
correlation function is

(Pa(T))p =

(1.48)
The two-point correlation function is

@@ = 570 572

= 12 (27)0ap0 (& — ). (1.49)

18



1.3. The quantum extension

1.3. The quantum extension

The above discussion was entirely classical. It is clear that when one wants to obtain an
improved model, one has to take quantum effects into account.

The MV model should be seen as being valid at a given energy scale. A question of
great importance is how one can pass from one energy scale to another. The procedure
of how to do this will be discussed in Chapter 3.

The full quantum theory for hadronic interactions would be given by the following
generating functional in path integral form

Z[J,n, 7] = /[DA] [DW][DT]e'Saco[A V.0 [ dia(Je (@) AL (@) +0(@) ¥ @)+ T (@) (1 50)
where the action is given by

1

4FC‘L“’F5,, ) (1.51)

SqcplA, ¥, 7] =/d4fff TP —mp) ¥y —
7

where the explicit sum is taken over the different quark flavors.

As mentioned above, we are now only interested in the dynamics of the fields at a given
scale. In particular we will be interested only in the case of small z, corresponding to
the fraction of hadronic longitudinal momentum the individual partons carry. Therefore
for a right-moving nucleus we will perform the separation of scales in the longitudinal
momenta pt. The “hard” degrees of freedom with [p™| > AT corresponding to the
valence quarks and high-momentum gluons thus can be integrated out and we arrive at
an effective description with generating functional

fA+ [DA]eiSCc,c[A,p]-H f d4z JZ{ (a:)AZ (x)

fA+ [DA]eiSCGC[Avp]

219) = [ (DpWi- 1o o

where the upper boundary A" of the integral reminds us that the fields A above the
scale AT have been integrated out and only the fields with [p*| < AT contribute to the
path integral. The integration of the “hard” energy scales has been carried out explicitly
in [16]. Note that the exact form of the effective action Scac[A, p] is not important at
this point. We will present the effective action in Chapter 2.
It is important to note that the generating functional is not of the form
JIDAWys[p] [ [DAeiScaelanlti ate st @ A @)

[IDpIWs[p] [ [DAeiScaclAl

(1.53)

which would be the correct expression if both A and p were the dynamical degrees of
freedom. The correct interpretation is that the classical color charge distributions p enter
as stochastic variables, whereas the “soft” gluons are truly dynamical — it is only for a
fixed color charge distribution (corresponding to the “hard” partons of the nucleus) that
the quantum average over the “soft” field is performed.

19



Chapter 1. The color glass condensate framework

The physical picture is that the “hard” partons have high longitudinal momentum
and thus a small (lightcone) energy, whereas the “soft” degrees of freedom have small
longitudinal momenta and therefore a large (lightcone) energy. Due to the uncertainty
principle the (lightcone) time scales of the “hard” partons are therefore much larger than
for the “soft” partons. Therefore when studying the dynamics of the “soft” partons the
“hard” partons remain fixed. This is reminiscent of a spin glass, explaining the “glass” in
CGC. [15]

If we are interested in the dynamics of only the gluons with momenta [p™| < AT the
correlators of operators at that scale can be written as

(O1[A]... On[Aa+ = /[DP]WM[/)]Ol[A]~-.On[«4], (1.54)

where the classical gauge field solution is related to the classical color charge distribution,
i.e. A= Alp], as discussed in Section 1.1.
If one wants to take quantum effects into account one has to compute

[T [DAJeiScaclArl Oy (4] ... O,A]
fA+ [DA]eiSCGC[Avp]

(O:[4]...0,4) = [(DAWAs o . (159)

where now A = A+ AA and AA has only longitudinal momentum modes with |p*| <
AT,

20



Chapter 2.

Effective action

As detailed in Section 1.3 integration of the “hard” modes gives an effective theory valid
at some specific energy scale. We will now present the effective action.
The effective action is given by

ScaclA, pl = Sym[A] + Sw[A™, p], (2.1)

where Sy is the Yang—Mills action and Sy is a term introducing the classical color
charge distribution p which couples eikonally to the field component A~ which can be
understood immediately by comparing with the coupling of external sources in Maxwell
theory via a term J - A.
A desideratum of the effective action is that it reproduces the equation of motion
08

—- = classical equation of motion . (2.2)

0A

Equation (1.16) then implies that for the Wilson line piece of the action we must have

5Sw[A, gl 1 B
= — tr |W W
S ]g(l’) T( A ) r x+,—oo(x>p(x) zt,

(gz)Ta] . (2.3)

We will see below in Section 2.2.2 that it is actually impossible to construct an action
satisfying Eq. (2.3). The solution to the dilemma is passing to the complex time
Schwinger—Keldysh formulation. The careful analysis in [6] reveals, however, that to
the order of interest one can find an action which gives a sufficiently similar equation of
motion without resorting to the complex time contour.

In this chapter we will take all the fields to take values in the adjoint representation A
(see Appendix B).

2.1. Yang—Mills term

The Yang—Mills action is given by

SYM[A] = —1/d41‘

1
1 e[ Fu ] = = / d*az FS, F1Y, (2.4)

T(A)
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Chapter 2. Effective action

where we used F* = Fi*T® and tr[T*T?) = T(A)6%. The field-strength tensor is given
by
Fu = 8,4, — 0,A, —ig[A,, A)] (2.5)

and in terms of the algebra components
1
Fpiy = 0,45 = 0,45 + gf e AL A, = 5,1 (aaA% + 50 % A&Ag) . (26

where we have defined 5#1, = 50‘55 — (53(5£. Note that due to the anti-symmetry in both
the spacetime and algebra 1ndlces the last term is now symmetric in A.

The gauge covariant derivative acting on fields in the adjoint representation is given
by D, X = 0,X —ig[A,, X] or in components of the Lie algebra

(DpX)a = 0uXq — ig[Ay, Xl = 0 Xa + g fabc AL XE, (2.7)

where we used Eq. (B.12). We can therefore write the covariant derivative acting in the
adjoint representation as multiplication by a matrix, i.e. (D, X ), = (D,),"Xp, where

(Du)ab = 5Zau + gfachZ- (2.8)

In the following sections we will have derivatives acting on different variables and it is
important to keep track on which variable the derivatives act. We therefore will make
frequent use of the compact notation defined in Eq. (A.2).

2.1.1. Functional derivatives of the field-strength tensor

The first functional derivative of the field-strength tensor is

s L] GO |

5A%(x)
=67 (meaua(‘*) (u— ) + g% A (u)52585™ (u — :z:))
= 6205 (5504 + 9% AS () 69 (u — )
= 00 (—050% — gf " AS(x)) 6 (u — x)
= 0L%(D2) 6 W (u — =), (2.9)

where we made use of the anti-symmetry of the generalized Kronecker delta and the
structure constants and furthermore used

(Op + 0y)o(z —y) = 0. (2.10)
The second derivative is

52

e Fog(u) = 0450 £ 0 (u — 2)6W (u — ). 2.11
6Az(a:)5Al;(y) ap(w) 0059 a0 (u— )6 (u—y) (2.11)

All higher derivatives vanish.
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2.1. Yang-Mills term

2.1.2. Functional derivatives of the action

In this section we will make use of the condensed notation 1 = (i, a,x), 2 = (v, b,y), etc.
Furthermore we write for the action

Syni[A] = —i/zﬂ, (2.12)

where all indices and arguments have been suppressed and the notation highlights the
symmetry in F'.

First derivative

The first derivative of the action is

1SvailA] = — / FoLF. (2.13)
Reinserting all the indices and arguments and using Eq. (2.9) we obtain
dSvym[A4] 1 / )
S = ~3 ) F sy Fas)
A4 (x) 2/, ¢ " oAu(z) P
_ / FoP ()6 (D2), 46D (u — )
= (DD, P)
= (D%E)aeFQ“(x)
= (D7 F"(2))a- (2.14)

Second derivative

The second derivative is
1
51(525\(1\/{[.4] = —5 / (F5152F + 51F(52F) . (2.15)

Using Eq. (2.11) we have for the first term
1 5
FOt,B R )=
~3 L sy
-2 / FOO ()64 £ 89 (u — )89 (u — )

= g FE (@)W (@ — y). (2.16)

Before we compute the second term we note an important identity for the gauge covariant
derivative acting on a delta function:

(D2)ap0D (2 — ) = (9200 + g faey AS(2))8D (z — )
= (—0%6ab — 9fpea AL(1)8D (x — 1)
— (DY)pad® (z — y). (2.17)

23



Chapter 2. Effective action

Using Egs. (2.9) and (2.17) gives for the second term of Eq. (2.15)

1 1) 1)
_ - _ Y B _ Y e

2 / s e WAy e

1 1) )
_ K BA e f
[ (@) 0 5ap gy Tl

1
=5 [ 903D - )6 (DD, 5w~ )

== 8785505, 0 D w— ) (DD, 5w~
= (D) (Db o)

= (D), (D)t — )

(D305),4 (1)

= (9" 9" — 9" ¢"")(D2D3) 0V (z — y)

_ 5#7 vd

(9" (D3)a, — (DEDE) )0 (2 — )

= (9" (D)o, — (DYDY oy — [DF, D]an) 6™ (z — )

= (9" (D)o, = (DEDY) gy + 9fu “Fe* (@)Y (& — )
(9" (D2)ap = (D D)o — 9fa“FL ()8 (z — ),

where we introduced the notation

B
575 Gap = 5u Y6

and generalizations thereof and used the identity

[DM’ Du]ab - _gfachcMV'
Putting everything together we have for the second derivative

52Syn[A]
0Ag(x)dAL(y)

Cc

Third derivative

The third derivative is
1
5152535\(]\/{[14] = — 5 /(5152F53F + 0903 F 0 F + 5351F52F)
u

1
=3 /(5162F53F + 2 cyclic permutations).
u
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= (9"(D2)ab — (DEDY)ab — 29fu“FL" () 6W (2 — ).

(2.18)

(2.19)

(2.20)

(2.21)
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2.1. Yang—Mills term

The first term in Eq. (2.22) is with all indices and arguments made explicit

)
. e ( ) amgﬁ)\é-ef - F;{)\ (u)
/(5A )0 AL (y) dAS(2)

— 5 [ Sttt 6w = )6 = g™ gD - 2)

== [ P8 = 215 — ) (Db Vw2

= g [y (D2) D (= 2)6 D (z — )

= 6" P79 f o, (D)0 (@ — 2)6 (@ — ). (2.23)
Adding the cyclic permutations Eq. (2.22) becomes

5% Sym[A] 5
_ —— =" PV f o, (D2) 0 (@ — 2)6W (2 — y)
5 A2 ()5 A (y)d AS(2) 450, “(DY 5(4) (y— 2)6@(y — 2)

)
+ 071G £ (D5) 6 (2 — )0 (= — ). (2.24)

Fourth derivative

The fourth derivative is

1
01020304Sym[A] = — 2 /(5152F5354F + 6103F 6104 F + 6104 F 6205 F)
1
- -3 /(5152F6354F +(2+3)+(3+4)). (2.25)

Using Eq. (2.11) and expanding all the indices and arguments the first term of Eq. (2.25)
becomes

52
= e ak B)\ f
/ SA%(2)5 AL (y Fan(u)g™ 9™ 0cs 5 A5 (2)0 AL (w) Faa(w)

=—c / Oy a0 (w = )8 (w = )™ g0 105 fog T 8W (w0 = 2)8) (u — w)

= - / 1 27 g £ 200 (w0 — 2)6W (w — y)de g f oy 0D (u — 2)8 (u — w)
= =0 7o G foae 8 (2 — )6 (@ = 2)8W (2 — w). (2.26)
Adding all terms together we get for Eq. (2.25)

54 SymlA]
5AZ($)6Ag(y)5Ag(z)5A§(w)
92 [5uy7p0'fabe cde + 5up,yafacefbde + 5ua,ypfadefbce]
x6W (z — y)oW (z — 2)6W (z — w). (2.27)
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Chapter 2. Effective action

2.2. Wilson line term
In this section we will give examples for possible terms resulting in the desired coupling

of the gluons to the classical color charge density distribution p.
The main ingredient for the source term of the action is the Wilson line

WIA™](@) = Wao oo A7](@), (2.28)

where
er

ig/
yt

2.2.1. Functional derivatives of the Wilson line

Wyt y+[A7](10) = Pexp

dzt A_(z+,ﬁ)] . (2.29)

In this subsection we will consider the functional derivatives of the Wilson line. At
the end of this subsection we state the results evaluated at the solution of the classical
equations of motion (in the lightcone gauge A* = 0), A* = §¥' A"

First derivative

The first derivative of the Wilson line is

SW (1)

A () (19) Woo e (@) T"Wp o ()P (i — 7) (2.30)

Second derivative

The second derivative is

§2W (@)

m :(19)2{9($+ - y+)Woo,:v+ (ﬁ)TaW:L’+,y+ (J)waac+,—oo(ﬁ)

+ 9(y+ - :L'Jr)Woo,y'*‘ (ﬁ)Tbe'*‘ ot (E)TaWy*',foo (ﬁ)}
x 6B (@ — )68 (7 — 7)) (2.31)

Third derivative

The third derivative is

W (@)
6Aa (x)0A, (y)0Ac (2)
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2.2. Wilson line term

Evaluation on classical solutions

Evaluated on the classical solutions of the equations of motion the Wilson lines become
trivial. We therefore have

SW (1)

et _ (ig)Ta5(3) (i — 7), (2.33a)
(% . = (ig)? {9(3:+ yTT? + 0(y™ x+)TbTa}
- x 6@ (& — 7)6®) (& — ), (2.33b)
. 63Wf(ﬁ) _ — (ig)*{0(x" — y")O(y" )T T
04 (2)04y (1)0A: (2) |4 + 0yt — 2Nz — 2 TPToTe
+ 0z — 2@ -y TTT?
L0t — 210z — yt)ToTeT
+ 0yt — a2zt — z+)TbTaTC
+ 0zt —yT)o(yt — :1:+)TCTbT“}
x 63 (@ — 7)6B) (@ — )6 (i — 2) (2.33¢)

2.2.2. Non-integrability of the equation of motion

Having established the functional derivatives of Wilson lines, we are now able to proceed
showing that it is actually impossible to find an action such that Eq. (2.2) holds.

Recall that the Wilson line term should satisfy (Eq. (2.3))

5SW[A_7 p] 1

0Ag (z) T(A)

tr [Wer _oe(@p@W], (@7 (2.34)
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if we want Eq. (2.2) to hold. Taking a second functional derivative would give
5ZSW [A_> :0] . + +\5(3

e = —igbat —y )@ ) s

545 ()0 Az (@) |,_y T(A)

X AWy (BT Wos o @)p(@WS, (3T

— Wet oo @p(@)W],  (@TWL (@)T"aza

yT,00

= —igh(a" — ") ) (1A) tr [ T2 (@)1 — p(@) 1]
= —ig(a =y )60 = )y b [ 7))
= igh(a — )3 & = ) ) (2.35)

Clearly, this is not symmetric in the derivatives, i.e.

52SVV [A_v p] 525W [A_a p] (2 36)
AL ($)5A1; (y) A=A 5A;(y)5Ag(w) A=A
Therefore there is no action for which we can have Eq. (2.2).
2.2.3. Standard term
The most common source term for the CGC effective action reads [6]
~ o, 1 3 1 IR
Sl =~ [ @i o VAT @), (2.37)
First derivative
The first derivative reads
0AL (%) |4 g ig T(A) 0Aq () |a—a
_ Y s 1 . ras() (7 = (o
=i d°u @A) tr (1gT o (u m)p(u))
1 Lo
=TT tr (Tp(Z)) . (2.38)

Second derivative

The second derivative reads
(SZSW [Ai]
0AL (x)(SAb_ (y) A=A

1 [ L OPWIATN@)
ig T(A) — \ 04 (2)0 A, (v)

p@))
A=A

28



2.2. Wilson line term

_ L[ L L N2 + _yagb + _ +yboa
=i duT(A)tr<(1g) {Q(m y )T +0(y" —a™)T°T }
x 00 (i — 23 (i@ — (@)
— (3 1 + _ ,,F\gagb + _ H\gbga = Bz _ =
= ~(9)gcay b ({0t =TT + 0y =TT} (@) ) 697 - )
. abe ac = e
= —(ig)5 {0 =y )+ 0yt —a) f | po(@)6D) (@ - )
i " S
= {0t —y") = 0lyT —a )} (i pe(@)5P) (@ - )
i o o
= T{0* ) — 0" —a)} @)D @ - )
i " o =
= {06 —y) =0y — )} (=if " pe(#)0P (7 - )
i o o
= Sela =yt @60 @~ ), (2:39)
where we used Egs. (B.26) and (B.27) and defined the sign function
e(z) =0(x) — 0(—x) (2.40)
Third derivative
The third derivative reads
53SW[A_]
6Aa (2)0A, (y)0Ac (2) | 44
1 1 S3WIA™](%)
= — dgﬁ tr 'LT
o) VT <5Ag<x>6A;<y>6A;<z> e
= *.l S @A) tr[(ig)*{0(z" —y")O(yT — =T TeT T
19
0yt — 2H)0(zt — aT)TPTeTe
+ 0z —a2")0(aT -y TTUT?
+0(zt — 2D)0(zt —yT)ToTT?
+ 0yt —a2ho(xt — 20T
+ 0z —yNo(y" — 2N TTT}
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2t + _ V0wt — S TeThTe

=09 705 tr[{0(z" —y)o(y )TT°T
+0(yT —2N0(zT —ahTPTeT?
+0(z" — 2 T)0(aT — yT)TTT?
+0(zt — 2H0(T — yHTOTET?
+0(yT —zT)o(aT — )T TOTe
4 9(Z+ _ y+)9(y+ +)TchTa}p

x6G)(& — )68 (7 — 2) (2.41)

2.2.4. Logarithm term

A less popular choice is a term containing a logarithm [17]

1
SuwlA™,p] = —— [ da
mw A, pl ig/ uT(A)
This term was later studied by Fukushima who derived it by explicitly integrating out
high momentum quarks and gluons [16] and derived the JIMWLK hamiltonian using it
[18]. In light of the explicit derivation, it is tempting to conclude that this term is the
more physical one.

tr(In (W[A™)(@))p(i0). (2.42)

Derivatives of the logarithm

The logarithm can be conveniently written as

1
1
InW = / dp—— (F7Y(Wip) - 1), (2.43)
0 (—n)

where
FW;p)=1—u(I—-W). (2.44)

Using
SF ' = —FYFF = (—p)FtswF! (2.45)

we have for the first functional derivative

1
51 In(W) = /O du (jm(—u)F_léll/[/F‘l, (2.46)

where we introduced a condensed notation 1 = (a,x) which we will use judiciously in
the following. The second functional derivative is

5152 InW

1
:/ du (2)(—#) {SoF 'O WET + F1516WF ™+ Fle Wt}
) _

— /1 du (1u) {(~p)? [F'OWF TWF ™+ (14 2)] + (—p)F 1 616WEF '},
. _
(2.47)
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2.2. Wilson line term

where we have brought the terms into an order which suggests the general pattern. The
third functional derivative is

010203 In W = /01 du (_1/1) {(—,u)?’ [F_151WF_162WF_153WF_1 + 5 permutations]|
+(—p)? [ (F1610.WE 1 63WF ! + 2 cyclic)
+ (F ' WE6263WF ™! + 2 cyelic) |
+(—M)F‘1516253WF‘1}.
(2.48)

Next we note that when evaluating the above derivatives on the classical solution we
have from Eq. (2.44)

Fly_ =1 (2.49)
Using this the integrals can be carried out and we obtain
1
1
S In(W)| gy = / dp ——(—p)o W = 01 W, (2.50a)
0 (—n)
1
1
516 W], = / A g WP EWEW + (16 2] + (~p)asW)
0 _
1
= — 5 [51W(52W + (1 — 2)] + 6109 W, (2.50b)

1
1
010203 I W, _ 4 = /0 dp m{(—,u)3 [01W 62 W §3W + 5 permutations]
+ (—M)Q[ ((51(52W(53W + 2 CyCliC)
+ (61 W23 W + 2 cyclic)]
+ (—1)010265W'}

1
=3 [01 W8, W §3W + 5 permutations|

1
—5 [(0102W83W + 2 cyclic) + (01 W 203 W + 2 cyclic)]
+ (515253W. (2.50C)

We note that the first and second derivative are the same as for the standard term.
The third derivative contains the same term as the standard term, which is encoded in
the three derivatives acting on the same Wilson line. However, there are many more
(3! + 2 x 3 x 2! = 18) additional terms from the cases in which the derivatives act on
different Wilson lines.

2.2.5. Gauge invariance

Under a gauge transformation the Wilson line (Eq. (C.40)) and color charge density
distribution transform as follows

W (&) = W'(&) = U(oo, D)W (Z)UT (-0, T), (2.51a)
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p(E) = (&) = U(—o00,D)p(B)U(~00, ), (2.51b)

where we assumed that the color charge density is defined at 2™ = —ooc.
Inserting this into the standard term action (Eq. (2.37)) gives'

Sh[A= p] = —~ / BF —— [0 (00, )W (&)U (— 00, H)U (=00, £)p(&) U (—0, T)]

iy T(A)
1 - 1 — = g r
=5 [ 47 i W @OV (o0, DU (0. )

(2.52)

We see therefore that the action is only invariant under “periodic” gauge transformations
which satisfy
U(o0,Z) = U(—00,T). (2.53)

'The argument is the same for the logarithm term action (Eq. (2.42)) as can be seen by noting that for
any function f(W'(Z)) = U(oo, Z) f(W(Z)) U (—o0, ).
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Chapter 3.

The JIMWLK equation

3.1. Derivation of the JIMWLK equation

In this section we follow the original derivation of the JIMWLK equation found in [4].
Alternative derivations can be found in [18, 19]. A discussion on the relation to the
BRST symmetry can be found in [20].

3.1.1. Renormalization group procedure

In Section 1.3 we argued that we can introduce a cutoff A = A™ in the magnitude of
longitudinal momenta p* and that those degrees of freedom with longitudinal momenta
greater than that cutoff scale can be integrated out to give an effective theory at the
cutoff scale with generating functional

A
7217] = / (Dol Wilo] / (D AJSIAPHH [ At I @ A5, (3.1)

where we now denote the effective action merely by S and we have normalized the path
measure, eliminating the need for the normalizing factor as in Eq. (1.52). It is clear
that the cutoff scale is arbitrary. Assuming that we know the effective action S[A, p]
for a certain cutoff A, it is natural to ask what would happen if we chose a lower cutoff
A < A. Following this question will lead us to a renormalization group equation (RGE)
for the statistical weight function Wjy|[p].

In order to obtain the RGE one has to integrate out some degrees of freedom. To do
so we introduce a new momentum scale A’. To that end we separate the gluon field into
the following contributions

A=A+5A+a, (3.2)

where A = Alp] is the solution to the classical equations of motion for a given charge
density p, §A are the soft gluons with longitudinal momenta [p™| < A’ and a are the
semi-fast gluons with momenta A’ < |[p*| < A. Tt is instructive to write the soft and
semi-hard gluon field formally as a Fourier integral
— d4p —ipx
S A(z) /p+<A/ i oAW) (3.32)
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Chapter 3. The JIMWLK equation

— ﬂefipxa
o= [ e ) (3.30)

An important feature of the lightcone gauge is that it is compatible with this separation
of scales. To see why this is the case, recall that there is some residual gauge freedom in
the lightcone gauge. The gauge transformation Eq. (C.23) allows transformations within
the lightcone gauge, where the gauge group element satisfies

)
+ prm— = — prm—
O =0.U=5—U=0. (3.4)

In momentum space this relation reads (p* is the conjugate momentum of z~)

Ulp) =Up ,p)I(p"), (3.5)

where we defined I(p™) = 27d(p™). In momentum space the gauge transformation
Eq. (C.23) reads!

A(p) = (U * (A + UD) () + ;w  (id, -U1)) (p), (3.6)

where we defined the vector valued identity function id,(p) = p,. The convolution of a
function with the (rescaled) Dirac delta leaves a function invariant, i.e.

1+ 1+
(D" = [ Tt ) = [T 2m00" - ) = ). (37)

Therefore the dependence of the gauge fields on the longitudinal momentum p™ remains
unchanged under residual gauge transformations.

It is the contribution of the semi-fast gluons a which needs to be integrated out in
order to obtain the effective theory at the new scale A’. The integral measure in Eq. (3.1)

then is
/ A[DA] = / " [Ds A / /I\[Da]. (3.8)

In order to make progress we assume that the effective theory at the new scale A’ has
functionally the same form as the original theory at the old scale A. The only difference
between the two momentum scales A and A’ will turn out to be that the weight functions
differ. Explicitly we have

’

/[Dp]WA[p] /A/[D(;A] //l\[Da]eiS[.A-i-(sA-Hl,P] - /[Dp]WA/ ] /A [D(;A]eiS[A-i-éA,p].
(3.9)

We have defined here the Fourier transform of the gauge transformation for UT, i.e. UT(ac) =

[ e U ().
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3.1. Derivation of the JIMWLK equation

3.1.2. Expansion of the action

In this section we will expand the action around the classical solutions plus soft gluon

contributions, i.e. around A = A+ JA. In a next step we will further expand the terms

interacting with the semi-fast gluons in powers of the soft gluon fields § A and retain

only the linear terms which will give us the quantum corrections to the soft current.
The expansion reads (we omit the p-dependence for now)

5S[A 1 525[A
SIA+6A+a] = S|A+6A] + au ;;E ] g (SA‘SEA] o)
U =A+ U v =A+
5 5?
= S[A+04] + ay ( 3’4] + Mwﬂ + O(5A2)>
1 52S[ A 53] A] ) ,
+ gt <5AU5AU A S AsA, T oA )> +0(a)

= S[A+6A] + 54, (auéAuéAx 2" S AGALSA,

1 52S[A]
2 MW A SA,

O2S[A] 1 S )
+ +oe
(3.10)

where we used a condensed notation where z,y,u,v denote spacetime arguments,
Minkowski indices and color indices and it is understood that repeated indices are
summed or integrated over, i.e.

A"B, = / dtu A% (u) BY(u). (3.11)

We also used the fact that A is the solution to the equations of motion, i.e.

5S|A]
A,

— 0. (3.12)
A=A

It would be incorrect to claim that Eq. (3.10) is valid up to some order in 6 A. Indeed,
the term S[A + dA] contains terms which are quartic in 0A. Nevertheless, the form
stated in Eq. (3.10) is what we are interested in. The first term would naturally appear
as the action at the new scale A’ and the quantum corrections can be summarized as the
soft fields coupling to a soft current

~55[4) 52S[A] 1 53S[A]

% = _ g, oA L OTSIAL
! Ay |aeare SADA, 2" AADA,

(3.13)

given in the second term. The last term defines the propagator of the semi-fast gluons in
the classical background field

525[A]

(G o)™ = SASA

(3.14)
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Chapter 3. The JIMWLK equation

With the above definitions the expansion of the action (Eq. (3.10)) reads
1
S[IA+0A +a] = S[A+ §A] — §A6T" + §au(G_1[p])“vaU. (3.15)

If we assume that the gauge field corresponding to the soft gluons is weak, we can
linearize the Wilson line

Weo,—0o[0AT](Z) = I + ig/ dzt 0A™ (2T, 7). (3.16)

Inserting this into the effective action with the standard form Eq. (2.37) for the Wilson
line term gives

S[A+ 0A] = Sym[A+ dA] + Sw[A™ +6A7]
1
_ o 4
— SymA+64] /d gy
= Sym[A+6A] — 6A, p*, (3.17)

tr(5A™ (2)p())

where the index x stands for the spacetime arguments and the color indices and we have
used that trp = 0.

Another approximation that we will make, is that the only component of the soft
current contributing to the action is 6J7 = dp. This is the eikonal approzimation.
Physically this means that the scattering of the soft gluons off the induced current is
recoilless — the momenta of the partons contributing to the induced current do not
obtain a transverse component from interactions with the soft fields. Therefore we can
write for the coupling term

§ALOTY = 0A,6p”, (3.18)

where the meaning of the index x has changed on the right-hand side, no longer including
Minkowski indices.

Putting everything together we arrive at the following expansion of the action

SIA+ A+ a] = Syl Alp] + 64] = 647 (57 + 677, p)) + 5au(G (o) e, (319)

where we have made all functional interdependences explicit.

3.1.3. Integrating over the semi-fast gluons

The next step is to insert a factor of one in the path integral by means of a (functional)
delta function

1= [IDH)5(6' = p = Spla. o) (3.20)
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3.1. Derivation of the JIMWLK equation

resulting in

/ [Dp]Walp] / A [DSA] / //\[Da]eiS[A-l-éA—i-a,p]

= [wawia [ Do [ b

« /[Dp/]5(p/ —p—6bpla, p])ei(SYM[A[p]+5A}—5A‘(p+5p[a7p])+%a(G‘1[p])a)

’

= / [Dp] / (D3 Alei (Sl Al +041-5474)

A i —1
< [DAWA] [ Db - p = dpfa et 0 (3.21)

where we used that in leading order in ay we can write A[p] = Alp + dp).

Next we will use a (functional) Taylor expansion in orders of Jp. When looking at the
explicit expressions for dp (Section 3.2), one sees that both linear and quadratic terms
in 0p contribute to the leading order in the coupling constant g.2 Therefore we need to
expand to quadratic order in dp.

We further introduce the following symbols for the correlators of the induced color
charge density distribution

0z = (0pz)as (3.22a)
Xzy = <5pz(5py>a7 (3.22b)
where we defined the a-average as
A 1
(Olala = [ 1Dajese™" 0l (323)

Performing a functional Taylor expansion for the delta function

(p +dpla, p] — p)

2
( /5pa 5pa 5 5pa(w)5pb(y)m(;;5pb(y) + 0((5p)3)> 5(p—p')

_ 5 52 3 /
= (143050 + 25pzapy5 T 00" 80~ )

(3.24)

2The lowest-order contribution from the linear term vanishes.
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Chapter 3. The JIMWLK equation

we have

A i —1
/ [Dp]Walp) / [DalezC" P25 (p + 5pla, p] — )

/

A P 5§ 1
— [ DWW Dalez9G 'l [ 1 2 4z T _
/[ ol A[P]/l[ ale? +5pw5px + 25P$5Py5p 5y + 5(p—p')

5 1 52
— [ [Dp|W 14 0p—— 4 Xy = - —
/[ P] A[p]< +0o 5pm+2x yépzéper >5(p o)

) 1 62
=(1—-— T 55 . Xz ,7
< 592" T 23p,0p, v T >WAM
(3.25)

where the ellipses denote terms of cubic and higher order in §p and in the last expression
the functional derivatives act on everything to the right of them. Comparison with
Eq. (3.9) then gives (to leading order)

2
Wil = Walp] = —5o—(aWalo]) + 55 (Wil (320

This is indeed the JIMWLK renormalization group equation.

3.1.4. Differential representation

Consider the right-moving nucleus having total (longitudinal) momentum P*. After
choosing an arbitrary cutoff scale A one defines the small z variable as = A/P* and z
can be viewed as the typical fraction of (longitudinal) momentum carried by a parton.

For a step in the RG procedure one must choose a lower momentum cutoff scale
A’ = bA. The choice must satisfy the conditions (i) b < 1 such that the new scale is
significantly lower than the previous one and (ii) oy ln% < 1 so that one can perform a
perturbative analysis in this quantity.

Next we introduce the rapidity variable 7 = In PT+ = ln% and 7/ = In % = In % =
7+ A1, where A7 = In %. Note that as the cutoff is lowered, the rapidity increases.

Equation (3.26) then becomes

Wolpl = Welp] 1 ) 1 62
. = X - zVVr a @ T 2
and taking the limit A7 — 0 we can write
9 1 5 1 42
EWT[M = Ar {—m(%WT[P]) + 2W/(Xﬂcwa[p])} : (3.28)

Note that the factor A7 is often absorbed into the definition of the coefficients o and x
in the literature. See for example [6, 7].

The factor of 1/A7 appearing in Eq. (3.26) might seem troubling, since the quantity
AT depends on the way in which we choose the cutoff. In the case when one integrates out
the longitudinal modes, one finds that ¢ and x are proportional to A7, thus cancelling
the offending factor.
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3.2. Induced current

3.2. Induced current

As explained in Section 3.1 the expansion of the action around the field configuration
A=A+ 0A leads to a term describing the coupling of the soft modes § A coupling to an
induced current 6.J" = dp (Eq. (3.13)) which reads

3
0AZ  A—Ata (5.Ax (5.A 26A50A,0A,

where the repeated index u denotes

A,B" = /Aa(u)Ba(u) (3.30)
and the repeated index x denotes (and similarly for )

A, B* = /Ag(x)Bz(x) (3.31)
We will further write

5p = 6p) 4 5p?), (3.32)

where the superscript denotes the order of the semi-fast gluons, and
5p =50 +6p8) i=1,2, (3.33)

where the contributions from the two terms Syym and Sy are separated.
We will assume that all the fields are in the lightcone (LC) gauge A*™ = 0. In the LC
gauge the solutions to the classical equations of motion 6. Sym[.A]/6A,(z) = 0 take the

form AH(z) = 6" AY(ZF).
3.2.1. Separation of scales

Recall that the soft gluons have momenta |p*| < bA™T and the semi-fast gluons have
momenta bAT < |[p*| < AT. The term in the effective action (Eq. (3.19)) which describes
the coupling of the induced current to the soft gluons can be written in momentum space
as

_ /x T(lA)tr[éA_(x)ép(x)] _ / T(IA) /p ulsA~()splale 0"
/ J w154~ (2)0p(a)) (p, ~a)
p,q

-7

where I(p, q) is the identity in momentum space defined in Eq. (D.40b). From this it
can be seen that only contributions to dp with non-vanishing momentum support in the
region of soft modes need to be kept, since the soft gluons satisfy (per definition)

5A(p) = D(bAT — [p*)3A(p). (3.35)

tr[0A™ (p)dp(—p)], (3.34)
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Chapter 3. The JIMWLK equation

In particular this means that terms containing only semi-fast gluons can be dropped
when writing down the induced color charge density. To see this, note that the semi-fast
gluons satisfy (per definition)

a(p) = 9(|p"| = bAT)I(AT — [pT|)a(p) (3.36)
and therefore
dA(p)a(p) = 0. (3.37)
3.2.2. First order contributions
Yang—Mills term
The second functional derivative of the Yang—Mills actions is given by Eq. (2.21)

5QSYM ['A] ury2 LTy . uv (4)
A 2)0AL ) (9" Di — DDy — 2igF" (x)) , 0 (z — y) (3.38)
m v
we have
525y m[A]

5o () = / YM b
( pYM) (:L') y 5./41(37)5.14,@@) al/<y)

—— [ (g™ D2 - DI 27 (@) ,, 6V — p)alw)

Yy

= —(¢7"D; — DDy - 2igF " (x)) ,, ay ()

= (D:DZ + 2ig]:+”(x)) af’,(:n)

= (D3 DF)awaly () + (DF Dy )avas () + 2igF ' ()ai (x)

= 00t 0" al () + 0F (Dy)wpaf () + 2igF gy (2)a} ()

= 0% ag () + 0 (D)) wal () + 2igF ) (v)al(z)

= 02 ag (x) + 0-0ja5(w) — [ 0 (Ai(w)ai (x)) + 2igFf (x)ai(x), (3.39)
where we made repeated use of the lightcone gauge condition A* = 0. Following the
reasoning of Section 3.2.1 we note that the first two terms may be dropped as they
only contain contributions from the semi-fast gluons and therefore the corresponding
terms in the effective action would vanish when performing the momentum integral. The

separation of scales can be exploited further. Inserting into Eq. (3.34) we have for the
third term

~ir [ 5AL @ ALy - a)al(a) (3.40)
P.a
and for the fourth term
75 [ 54, 0)0" — A - a)al(a) (3.41)
P.a
where we used .7-";; = —i ab68+¢4@. Recalling that the soft gluons dA and semi-fast

gluons a have longitudinal momenta |[p*T| < bAT and bA'T < |p*| < AT and that
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3.2. Induced current

furthermore b < 1 we realize that the dominant contribution must come from Eq. (3.41).
The contribution of Eq. (3.40) actually cancels part of Eq. (3.41). However, the part
which is canceled does not contribute to leading order. We will therefore drop the term
corresponding to Eq. (3.40) entirely.

Thus the first order contribution to the induced charge of the Yang—Mills action is

(5p%2/[)a(x) = 2ig.7-";;f(x)af(x). (3.42)

Wilson line term

The second functional derivative of the Wilson line term as a matrix in the adjoint
representation is given by Eq. (2.39)

52SW[.A_]

- = “Viﬁ + oA SsB) (
5A,(z)0A, (y) 03.0% 5 e(a™ —yT)p(@)5 (T ~ 1), (3.43)

where ¢(z) = 0(x) — 0(—x) is the sign function as defined in Eq. (2.40). The induced
current therefore is

W %S [A]
dpyy (x) = —/y(%r(x)(%(y)au(y)

T / 1596(5” — y")p(@)d®N (& — Fas(y)
= _igp(f)/ e(xt —yNay(yh, D), (3.44)

+, 7).

Sometimes the sign function is written in the following way (see Appendix D)

where now a(z) = a(z

. 1
e(xt —yt) =2i(zt| PV F\yﬂ (3.45)

3.2.3. Second order terms
Yang—Mills term
The third functional derivative of the Yang-Mills action is given by Eq. (2.24)

§3SymlA]

— KV pY e(pT GOy ) (p _
(5./42(33)5./43(1/)5./42@) 0 , 9fab (D"/)666 (x —2)6""(z —y)

+ 07079 foe(D)ead V y = 2)0 (y = 2)
+ 079 f (D (z =)o (z — ). (3.46)
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Chapter 3. The JIMWLK equation

The induced current therefore is

o) = =5 | S
=== [ 07964 (D) b (@ — 28 (@ - y)
T 6 g (DY) e8Py — 2)0@ (y - 2)
+ 07 19 £,,(D2) 0 (2 — )60 (= — 2)]ad (y)a (2)
= = Z15™ Y (D)t (@)l () — 6 H (D, ) et (w)a ()

ae“v p
+ 5p+,wyfcae(p’7)ebag (x)a/c)(x)}

= =21(g7"9"" = 579") fup" (D) ety ()t (1)
— (0" 9" = 679" fue“(Dy) et () ()
+ (979" = g7 g") o0 (Dy) gyl () aly ()]

g
= I [4M19" 1" (Dy)ect @) ) + 7 g* Foo (D) gl () (2)

=~ 297 |~ fuse D a5 (@)al (@) + fop DT al (@) ()]

2
= =29 | ~Fupe 0" a(2)al(2) + fo, Ol (@)a ()]

2
= 99" fap. 0" a(x)al,

= —90" fup 0" a(w)aj(z).

~—

(x

(3.47)

Wilson line term

The third functional derivative of the (standard) Wilson line term is given by Eq. (2.41)

53 Sy [A7]

0.A% (2)0.AL (y)0.AS(2)

_ 51515¢92T(1Mtr[{9(x+ g0t — 2T
+ 0yt — 2Nt — 2 TT.T,
+ 00T —aN)0(at —y T T, T,
+ 0zt — 20T — yNTLT.Ty,
+ 0yt — 20zt — 2T T, T,
O — oyt — 2T p(8)

x6G)N(& — )68 (7 — 2). (3.48)
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3.3. Coefficients of the JIMWLK equation

The corresponding induced current therefore is

(p4)a()

_ 1 53SYM [A c
"2 ),. 04 ( )OAL (y)0As(2) a(y)as(2)
/ Gl — 0T — T,
v +0(yt — N0z — 2TV TLT,
+0(z" — a0zt — y T T} p(2))
X al_’k(er7 z)as (27, Z). (3.49)

where we used the fact that the third functional derivative in Eq. (3.48) is symmetric
under permutations of the order in which the derivatives are taken to halve the number
of terms. Note that in [6, 7] the generators are ordered according to what we would have
obtained when choosing an anti-path-ordering prescription for the Wilson line.

3.2.4. Overview

In this section we collect our results for further reference. The induced charge density
6p = 6pM) 4 6p? has the contributions

6o\ )a(x) = 2igFH () ab (), (3.50a)
0w = ~Gpu(@ [ e~k (3.500)
(09 )a () = —g0™ f .07 0 (x)ab (), (3.50¢)
R " g0 I,
v + 0yt — 2N — 2T T.T,
+0(z" —a)(at — y T T, T} p(F)]
xal, (y*, @)a% (27, 7). (3.50)

3.3. Coefficients of the JIMWLK equation

In this section we will discuss the structure of the coefficients which enter the JIMWLK
renormalization group equation (Eq. (3.26)).

The time-ordered two-point function of the semi-fast gluons a gives the propagator of
the semi-fast gluons in the background field of the color charge density distribution p

(Ta(z)a(y)) = iG(x,y), (3.51)

where we note that in this section we will denote the a-average defined in Eq. (3.23)
without the subscript ‘a’
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Chapter 3. The JIMWLK equation

We further note that the one-point function of the semi-fast gluons vanishes, i.e.
{a(x)) = 0. (3.52)

In Eq. (3.51) the time-ordered correlation function is considered. Due to the staticity of
the problem, it suffices to compute the equal-time correlation functions. The correct way
to take the equal-time limit which is consistent with the choice of boundary conditions
A(zT = —00,7) =0 is [6]

G(Z,7) = Ga', &y" =27 +¢,7). (3.53)

3.3.1. The coefficient o
The coefficient ¢ is the one-point function of the induced charge density dp
o(x) = (5p(x)) = (5o (). (3.54)

where we have used Eq. (3.52) and recalled our definition in Eq. (3.32). To facilitate
computation we split o as

o(x) = o1(x) + o2(x), (3.55a)
o1(x) = (8p ?m», (3.55b)
oa(x) = (0p (;E)) (3.55¢)

The contribution in Eq. (3.55b) from the Yang-Mills action is using Eq. (3.47)
(Ul>a(x) - gfabcdij (8;af(x)aj(x)>
1 i c
= 59 abed” (OF = 0,)(ai ()5 (1)) ly=a

L ij c
= 510 aed” (07 = O )G (7, y)ly=r, (3.56)

where we chose a more symmetric way for the derivatives to act.

Inserting the induced current 5p$42/) (Eq. (3.49)) into Eq. (3.55¢) gives

1
(0)ule) = ~ig*"(@) | ot — y )BT — DT,
yt o+ T(A) + Vgt ot
’ +0(y" —27)0(z" — " )T T, Ty
+0(zT — 2 )0(aT — y T T, Ty Ty
X Gl_’f+(y+,f; 2+, 5. (3.57)
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3.3. Coefficients of the JIMWLK equation

3.3.2. The coefficient y

To leading order the coefficient x

x(z,y) = (6p(z)dp(y)) (3.58)

has only contributions from the linear induced charge densities, i.e.

x(@,y) ~ (6pM(2)3p™ (y)). (3.59)

This is because terms involving contributions from dp(® would be higher order in g. This
corresponds to considering only tree-level diagrams. See the discussion in [6] below their
Eq. (4.49).

To make the calculation tractable we split x into the following parts

xi(2,y) = (653 (@)3p (1)), (3.60a)
xa(@.y) = (602 (x)dp 1’<y>> + (504 (@) (1)), (3.60b)
Xa(a,y) = (604 ()80 (1)) (3.60c)
For Eq. (3.60a) we have
(1) ab(,y) = (29)2F (D) F (i) af (x)al(y)
= —4ig® F (D) F (NG, y)
= 4ig? F 1 (&) G5, y) Fof (§). (3.61)
We further split the term x2 (Eq. (3.60b)) into
x2(z,y) = x21(z,y) + x22(2, ), (3.62a)
xa1(@,y) = 690 (@)80%) (), (3.62D)
X2, ) = (0p (2)0p53, (). (3.62¢)
Equation (3.62b) is
(x21)ab(, ) = (693 00)a(@) (p%))6(v))
~ o) (- ) FL@pal@) [l - at@)ad (=)
—iPFL@ou(@) [ el NG E
= PFE @) / GG E T Pel= —y)
= —ig? F (@) poa(§) (| G € |y)
=192f:1( 7) (x| G5 € |y) pa(F), (3.63)
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Chapter 3. The JIMWLK equation

where we used €(x) = —e(—z) and the identification of the sign function as a matrix
element discussed in Appendix D.1.3. For Eq. (3.62c) we have

(x22)ab (2. y) = ((0p%))a (@) (5p320)6(1))

‘( 7)) (219)p0c (B FF ) / e(at = 2")(al (2", D)a(y))

192 pac(Z) Fyl (1) /+ e(zt —2NHGE (T, 7yt g)
= 192pac(f)fljc_lz(g)< ‘ e G z|y>
= —1g%pac(@) (x| € GLly) Fy (3).- (3.64)

Equation (3.60c) reads

(x3)ab(@, y) = ((56%))a (@) (5p%))o()

2t wt
2

-9 - = -

— % @) [ e =2l — 0GR )
2zt wt
2
-9 - - - -
1% pue@ona(@) [ el 2GR B e — )
ztwt

2
.g N
= i Pac(Z) poa () (2] € Gy € |y)
2

= 1% pucl@) (] € G ely)pan(®).

!

(3.65)

3.4. Separation of scales

In [6] the following separation of scales is advocated. This will be important when dis-
cussing the gauge transformation from the lightcone to the covariant gauge in Section 3.5.
Due to the uncertainty principle we have 2~ p* > 1 and we will assume that this is
actually an equality in what follows. Since the “hard” modes have longitudinal momenta
Ipt| > AT those modes satisfy
1

At

The semi-fast gluons have longitudinal momenta in the momentum strip bA™ < |p*| < A*.
Therefore they have support in

27| < -— (3.66)

s> (3.67)
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3.5. Transforming to the covariant gauge

Figure 3.1.: A spacetime diagram illustrating the separation of scales for a right-moving
nucleus. As explained in the main text, we assume that the fields for support
only for z* > 0.

Another key argument is that to be consistent with the retarded boundary conditions
of the classical gauge field solution presented in Section 1.1 all the fields have only
support at positive values of 7.

A spacetime diagram for the separation of scales of a right-moving nucleus is given in
Fig. 3.1.

3.5. Transforming to the covariant gauge

As explained in Section 1.1 the classical solution to the Yang-Mills equation is known
only in terms of the color charge density distribution in the covariant gauge p. In this
section we will discuss how the results we have obtained so far in the lightcone gauge
can be transformed to the covariant gauge.

The reason why this gauge transformation is not straightforward to do is because the
transformation depends on the solution and therefore the color charge density distribution
itself. As we have seen the color charge density distribution gets a correction §p due to
quantum effects.

At the scale AT we have the following set of equations

p(E) = (ﬂ ()p(B)U (&) (3.68a)
Al[p)(T) = éU(f)aiUT(:E'), (3.68b)
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Chapter 3. The JIMWLK equation

UT(Z) = Pexp (ig /I dy~ a(yﬂwﬂ) , (3.68c¢)

—00

~Via(@) = p(Z). (3.68d)

At the scale bA™ we will denote the fields in the covariant gauge with a bar. This is
because the gauge transformation from the lightcone gauge to the covariant gauge is now
different. The set of equations at this scale are

p(E) + 6p(Z) = UN(&)(p + 6p) (&)U (%) (3.69a)
Allp + 6p)(Z) = ;U(f)ai(ﬁ(f), (3.69b)
UT(Z) = Pexp (ig /_x dy~ a(y™, :L’J_)) , (3.69¢)
~Via() = p(Z) + 6p(T). (3.69d)

We now make the ansatz that the classical gauge field can be written as & = a + da,
where the field da corresponds to the quantum corrections and therefore has support
only at x~ > 1/A™ (see Section 3.4). Equation (3.69¢) can then be written as

U'(7) = sUN(2)U(2), (3.70)

where

SUN (&) = Pexp (ig /196 . dy~ (504(3/,:@_)) . (3.71)

/A
The color charge density distribution then is
p=UtpU =UpU = p, (3.72)

where we used the fact that the color charge density distribution p has support only at
x~ < 1/AT. Therefore the above ansatz for @ is consistent since Eq. (3.68d) is satisfied.
We now have for the gauge field d«

— V36a(Z) = 6p(%) (3.73)
with the solution given analogously to Eq. (1.24)

1
—Vf

da(Z) = /d2yj_<:cj_ ly )op(z™,y1). (3.74)
Performing a gauge transformation of Eq. (3.26) we obtain the JIMWLK renormaliza-
tion group equation in the covariant gauge

52

Wil = Wal] = ~ 52 Wal) + 5

35, (XayWalp)), (3.75)
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3.5. Transforming to the covariant gauge

where we used the crucial assumption that the weight functional W)y is form invariant
under gauge transformations. Note that due to Eq. (3.72) we could also have written
instead of p.

The coefficients appearing in Eq. (3.75) are given by

a(T) = (6pa(T)), (3.76a)
Xab () = (6pa(Z)6p6(1/))- (3.76b)
The correction to the covariant gauge source is related to the lightcone gauge correction
via

6p=Ut6pU = sUTUTSpUSU = sUT5p0U . (3.77)

Expanding the quantum piece of the gauge transformation sUT we have
SUN(E) =1+ ig/ dy~ da(y ™, x1) + O(sa?). (3.78)

1/A+

Therefore we have for dp

o

57a(T) = 67al) + ig / Tl 7). 05,

= 550() — 9fute / dy~ a’(y~, @, )35°()
1/A+

o

1
_ Vi

— 5u(®) + 0 S / ), (3.79)

dy~ / 2y, 55°(2)65° (7).
1/A+

where we used the antisymmetry of the structure constants.
Using Eq. (3.72) we then have for the coefficients of the JIMWLK equation to the
order of interest

0a(Z) = 04(%) — 60,(%), (3.80a)
Xab(Z, ) = Xab(T, Y), (3.80D)
where 6 and y are given by
Ga(T) = (0pa(T)), (3.81a)
Xab(Z, ) = (6pa(T)0ps(7))- (3.81b)
and we defined
— C T - ~ — = 1
004(%) = —9f," dy /deJ_ Xoe (T, ) (@ L —55 [yL)- (3.82)
1/A+ -V
Using Eq. (C.56) we have for Egs. (3.81)
5a(E) = UL, (%)5°(%), (3.83a)
Xab(Z,9) = UL(2)X“ (%) Uan(3). (3.83b)
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3.6. Representation in terms of the gauge field

It is sometimes convenient to represent the JIMWLK equation with the gauge field a as

the independent variable rather than p.
The solution of Eq. (3.68d) is given by Eq. (1.24)3

(%) = / Pu, (2] 1VJ2_|UL>,01,( ul). (3.84)

Using the functional derivative

/ oy ) | e ) )60 (z — )6 (uy — )
VJ_
1
= <ZJ_’V|$J_>52(5(Z_ —z7). (3.85)
V]

Using this we can write the chain rule as

- /zfz“—vj o) o) (3.586)

Consider now the term in Eq. (3.75) with one derivative. Changing the independent

field from p to o gives?

0 _ o
5@ = [ @l

<zL|_V2| L)d%( o

(@413 151 5 ol 20 Wila)

“L..
L.

/ Son( (Va(2™, 21 )Whla])

vaA[ 1, (3.87)

6ozx

where we denoted Wy [a] = Wi [pla]] and defined

V() = / (| 1vi]zj_>aa(a:_,zl) (3.89)

3Recall that we have defined AT = a.
“Here and in the following we will use Eq. (3.72) and write j instead of p.
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Consider next the term in Eq. (3.75) with two derivatives. The change of fields gives

52 B
m(XxyWA[p])
52
= = (Xab (T, )W lp
77 5Pa(f€)5pb(y)( W& WALRD
[ el 0 (@ Wil
= ab (T, a
Z,Y,z1,w) - _VJ2_ * - _VJQ_ * 5aa(x’,zj_)5ab(y*7wl) Xablt> U)TEA
[ el e s (e 157w ) Wala)
= 11— 1RL)\YL € pr = Xab\T , 213y , W )VWWAQX
Zgziw.  —V3 ~-v? devg (T) 0oy (7))
52 o
= f,gm(nab(%y)WA[a])
52
= Sawda, (NayWala]),
(3.89)
where we defined
oo 1 1 _ _ _
%b(%y)Z/ (@1 |—o7 12 (YLl —ozlwi)Xa (™, 2105y, w1 ). (3.90)
zZ| W _VL _VL

Using the definitions Eqgs. (3.88) and (3.90) we therefore can write for the JIMWLK

equation

2
o Wala]) + 55t Walal). (391)

Walo] = Wala] = - 2 b0
z0Qy

o1






Chapter 4.

Weak field Iimit

In the case where the color charge distribution is weak, one can perform a perturbative
analysis in powers of p. In this chapter we assume that this is the case.

It is well-known that the weak field limit of the JIMWLK equation gives the BFKL
equation [3, 6]. We will derive this result explicitly.

4.1. Choice of gauge

Our discussion has been mainly in the lightcone gauge AT = 0. However, we noted
that generally we only know the solution to the Yang—Mills equation in the covariant
gauge OHA“ = 0. We obtained the solution to the field equation then by the gauge
transformation given in Eq. (1.31)

UT(Z) = Pexp (ig /w dz" a(z7, mJ_)) . (4.1)

0
We can expand the exponential according to

xT

Ul(z7) =1+ ig/ dz”a(z7,x1)+0(p%) =14+ 0(p). (4.2)

Zo

The important observation is now that the color charge distributions themselves are
related by a gauge transformation

p=UpUT. (4.3)
Expanding the exponentials of the gauge transformations we get
p=p+0(p"). (4.4)

In the weak field limit we therefore do know the solution to the Yang—Mills equation
explicitly. It is given by

AY(Z) = — /f dz= d'a(z", ), (4.5)
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Chapter 4. Weak field limit

where now
1

a(f) = —Vfiﬂ(f)- (4.6)

Using Eq. (1.23) the classical solution can also be written as

o L[ .
a@ =50t [ ay [@yimie -yl
Zo

1o (L —y1) .
= — d /d2 — . 4.7
o ), Y Yiig, = yL)2p(y) (4.7)

4.2. Weak field limit of o

In Appendix E.2 we present a perturbative expansion of the gluon propagator. In this
section we will formally write for the propagator

G =Gy + Gym + 6Gw, (4.8)

where it is understood that the terms dGyy and §Gyy correspond to the corrections
linear in the color charge density distribution p.

Note that in the weak field limit we do not need to compute the additional term §&
which arises from a gauge transformation (see Section 3.5). This can be understood by
explicitly noting that it is of higher order in p or by simply recalling that in the leading
order of the weak field limit the gauge transformation can be taken to be trivial since
otherwise they would lead to higher order terms in p.

4.2.1. Weak field limit of o

Using Eq. (4.8) we have for o1 from Eq. (3.57)

1, ij c
(01)a(m) = ilgfabcéj(a;r - 8;)(;% (@, Y)|y=s
1- 1] c C c
= 5i9fucd” (0 = 0) (Gl () + (BGn0l ) + (GCw )5 (@) lys

1, i c
= ilgfabc(s 3(8; - 6;)(5GW)% (f’«"ay)’y:xa
(4.9)

where the free part does not contribute because it is diagonal in the color indices, i.e.
G(C)‘b = %@, and the Yang Mills correction (corresponding to the gluon self-energy)
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4.2. Weak field limit of o

does not have a logarithmic enhancement [3|. Going to momentum space we have

(01)a()
1 0] —i(p—q)x c
= 59fabcd” / (Pt +qN)e D (5Gw )% (p, q)
p,q
1 g i)z .
= 29fabcc5”/ e P (p 1 g T)(5Gw )2 (p, q)
p,q

1 g o
— 0t [ DT g GO () G o)
p,q
1 T . .
=~ y0tatiy [ T 4 GHGE G (006 (0)
q
1 i p1 1 o
- _= 5 ip—@z(pt+ 4 )2 —gPV — (7= NI
59 abe z]/p’qe (" +q )p+p2+ie gPvV-=p (r—allp~.q")
j
L
qt q* +ie
1 BV E bes o pt+q"
= 292fabc/ / DT e — Ppy - gL
p= Jiq pyq
1 1 1

X - )
2ptp~ — pi + 1€ P~ 2qtpT — qi + ie
(4.10)

where Gy = —GoI'Gy and szy(p) is given in Eq. (E.28). The p~ integral can be done
by closing the contour in the upper half plane

1 1 1
/p 2ptp~ —pi +ie  p2qtpT —qf +ie
271 (1 1 pt q"
=55 +9(-p") +9(—q") . (4.11)
2 <2 piql pi(atpi —pa?) ai(rtel —qp?)
Therefore
1 iGd)E - pT+q"
01(7) = 59°T(A) / T PDEp(F— o1
P rq
1 1 pT
% (5 +0(-p7)
(2 piql pi(qtp] —ptal)
+
q
o [
ai(rtat —qp?)
where we used fup.p? = —iT(A)p,. We note that the virtual correction only depends

on the spatial coordinates & without having to take the equal time limit “by hand”.
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Chapter 4. Weak field limit

4.2.2. Weak field limit of oy

In the weak field limit we can replace the full propagator with the free propagator. We
then have

. _ 1
(02)(o) = ~ig%"(@) [ al{6(t — y Oy — 2T,
gtz T(A) O e
O(yT —27)0(z" — " )Y T Ty
+ 00zt — a0t — y T T, Ty Ty}
x %Gy~ (yT — 21,0)

(4.13)
where the traces over the color matrices simplify as follows:
1 be __ _ _
T(A) tr[T, Ty T Ty]0”¢ = T(A) tr[T,C(A)IAT,) = tr[ToTy) = T(A)dqa, (4.14)
be __ _ —
T(A) tr[Ty 1T T4)0% = T(A) tr[C(A) AT Ty) = tr[ToTy) = T(A)dqa, (4.15)
1 be __ 1 b
T(A) tr[T T, Ty T4)0% = T(A) tr[T Ty Ty + [T°, T,) Ty Ty
=T(A)duq T( )1 [T Ty Ty
=T(A)daa ( ) S T(A ) feny 0
=T(A)baq — f € feba
— T(A)daa — %T(Awad
1
= §T(A)5ad- (4.16)

The integrand in Eq. (4.13) is symmetric! under the exchange of y* and z* and the
terms in braces can be thus written as

O —y"By* — =)+ 0T — 20T — o) + 0 — Bt —y)

~ 0zt — 20T —yT) +0(zT —y D)oy —a) + %9(2"' — )zt —y™)

! Here it is essential that the propagator is the Feynman propagator such that G(z) = G(—=z).
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4.2. Weak field limit of o

=0t — 20T —yN) + 0T —y D)oy —2T) + 0T — 22T —yT)

- %H(ZJr — )0zt —yh)
— ot —yt) — %9(# — et —yh), (4.17)

where by ~ we denote an equality up to swaps of ¥ and 2T and the last equality can be
understood by noting that the first line of the expression before covers exactly the three
possible cases of the relation that ™+ can have with respect to y™ and 2T, i.e. either it is
greater than or less than both or lies between the two.

The first integral is

/ Gt -G -y = / G oyt eEt g, (1)
Y,z yr,z

where we used the symmetry of the Feynman propagator. Introducing new coordinates
Tyt +27) and vt = 2T — yt we get

/qm+ Gy~ (wh,0)0(v") = (/ﬁ) /v+ Gy~ (v",0)0(v™)

ut =

x 0. (4.19)

The contribution therefore vanishes.
The second integral is

[, Gt == 00—t — )
yr,z

_/ /e_iq+(y+_z+)Ga_(q)/ e—ir(z*—x*)g(r—)/ e—is*(:c*—y*)(g(s—)
yt.zt Jgq T ST

—/ ) _I(q*,r*)[(qﬂs+)e*i(r7*87)x+Ga_(q)@(r*)ﬁ(s*)

- / Gy (@)8(q)6(")

_/2q 1 i i
- + 2 . _ . _ .
g 47 q-+1leq” +leq +1e
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Chapter 4. Weak field limit

1
Loy [ L
q+ q* a 40
1
—171n — (4.20)

b q. qJ_
With this and the additional factor —= from Eq. (4.17) we finally have

o) = g ( )i /q .

(4.21)

4.2.3. Ultra thin limit

For sources without longitudinal extent p(Z) = d(x~)p(a_) all the dynamics take place
in the transverse plane. One then defines

(@) = / o1 (2). (4.92)
o
The x~ integration over Eq. (4.12) gives
/ L (4.23)
o

and therefore

01(331_)

1
A)/ / (Pima)®p(p, —qi)py-q1—
+ pP1,q91 p

1 1 1 1
X s +9(-p") 55—+ ﬁ(—p*))
<2 P’ q P’ (P2 —4?) 4% (g% - p?)

1 1 1
= ¢*T(A) / / iPr-a)@Lp, —q))p) -qL— <—19(—p+)>
pt p 2

+
P19 p J_qJ_

1 sgnp™ (D —a1 ) b1-q1
= QQT(A)/ " / PLmI)TLp(p) — gy ) T
pt P PL.qL piay

i(pL—q.) bL-q1
ln/ PLm0 )T p(p) — g )T,
PL.qL plq

= iT(A> In - ei(pL_QL)'mLp(pL _ QL)pJ_ ql
P19 pJ_qJ_

2

g 1 ip - (PL+q1) q1
— 9 7(A)In- PLTLp(p ) PLTAL) AL
b PL.9L (pL + QL)2QE_

L e
b P1,q1L 2 qi(ql- —p1)? Qi

(4.24)
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4.3. Weak field limit of x

where we used % —9(p) = %sgn p and various shifts in both p, and g, have been
performed.

4.3. Weak field limit of yx

In this Section we will discuss the weak field limit of .

We will be working exclusively in the lightcone gauge and impose the momentum
strip restriction on the longitudinal momenta p*. The additional poles appearing in the
lightcone gauge propagators (see Appendix E.1) therefore need no pole prescription.

Since we assume that the classical charge distribution p is weak, we can replace the
propagators appearing in Eqs. (3.61) and (3.63) to (3.65) by the free propagator, because
the expressions are then still quadratic in p. Note that the non-vanishing component of
the field-strength tensor, F 1, is linearly related to p. The free propagator is diagonal in
the color indices, i.e.

(GO)ZIIJ/ = 5ab(G0),u1/' (425)

Equations (3.61) and (3.63) to (3.65) then become

xa(e,y) = 4ig’FH (@ F () (Co)iy (), (4.26a)

X21(2,y) = ig*F (&) p(§) (x| (Go)i+ € |y), (4.26b)

xz2(w,y) = ~ig”p(@)F (@) (o] (Go)ily), (4.26¢)
2

xa(w,y) = —i%p(@)p(7) (2] (Go) s cy). (4:26d)

For later convenience we rewrite this as

x1(z,y) = 49> F_i(Z)F_;(§)G§ (x,y), (4.27a)

X1 (2, y) = 16*F_i(2)p(§) (z|Gh €|y), (4.27b)

x22(x,y) = —ig®p(@)F_i(§) (x| € Gy 'ly), (4.27¢)
2

xs(e,y) = 1% p(@p ()l Gy ely). (4.27d)

4.3.1. Computing the matrix elements

In this section we will compute the matrix elements of the lightcone gauge propagator
(see Appendix E.1.1). Recalling the equal-time prescription of Eq. (3.53) we have

-

X(Z,7) = x(«*

Syt =T 46 ). (4.28)

Recalling that
G =689y (4.29)
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Chapter 4. Weak field limit

the matrix element for x; is

- —— 1
_ ip~e —ip-(Z—7)
wiGoly) = [ e [T

_ / o / e P L !
o Jp 207 pm — (B —iee(p?))

- i/ eip+($_y_)19(_p+)/ eiPJ_'(mJ_*'yJ_)
2 Jp+ P PL
i )

= —F(z — y—)/ ePL(@iyL) (4.30)
41 DL

where we have defined the function
- _ipta- V(=p") —bA* o—ipta 1

The free propagator is symmetric and diagonal in momentum space. Therefore we
have

(|G ely) = (zleGgly)- (4.32)

The matrix element for yo then is

G €|y / / —ip-(Z— y)p 1 PVE
ptp?+ie  p-

= 1/ e'? /elﬁ( )p+ 1+ 21 PVL_
s PRET p (g —ie(pt) P

2pt

| 1 1 o2pt 1
= Zi/e_lp’(m_y)p i< + p I(— p+)>
7

2-p2  p? 2pt

n )
_ / e—ip+(x_—y_)€(p ) / eiPL'(mL—yL)%
er p+ jo uR pJ_

)

= 7F2(I'— — y_)/ eipL‘(wL_yl)pT, (433)
pL

AT bA+ o
/bA / dpte ' et (4.34)
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4.3. Weak field limit of x

The matrix element for y3 is

- o opm 1 2i \?
(z|eGy " ely) :/ e'? E/e_‘p‘(”_y)p 5 (PV 1)
= 5 pt p? +ie P~
_ 2
= —8/ eip‘f/eiﬁ'(f<7?>p+21+ > ! (PV 1)
P~ v PPt pm — (g, —iee(ph)) p
) . 1 p 1 2pT 2
= —81/6 p(E-y) Tl <> I(—p™)
5 pt2pt 2pt \ p?

+
:—8i/ e—iiﬁ(f—y’)ﬁ(_p )/ eipy(wi—yl)ig
pt pt o Jp, p1

4i : 1
— ——1F3($_ —y7) / elpl'(xl_yL)727
a pL

Py
(4.35)
where we have defined the function
4 9 (=pt
Fya—) = 2n [ et 2P0 (4.36)
pt p*
which we recognize to be the same as Fy(z7).
Inserting the matrix elements into Eqgs. (4.27) we have
g’ |
@) = LR - FL@ T [ e, (4.37)
pL
. - (s —y,) P
(@) = LR ) F@p) [ e L (4.370)
4 PL pi
2
320 §) = L Fa(a™ — 57 )p(@) Fi(7) / epitesu (4.37¢)
’ 27 p3’
2
(&) = ~ L Fi(a™ —y)p(@)p elPL(®L-y1) 12 : (4.37d)
T Pl

4.3.2. Ultra thin limit

The limit of very thin nuclei p(Z) =~ d(x7)p(xL) can be recovered from the above
expressions by letting 7, y~ — 0.
The functions F; and F» have the following limits

—bAT
lim Fy(z ):/ dp"'i ln% (4.38a)

z——0

AT b/\Jr 1
lim Fy(x / / =2In-—. (4.38b)
z——0 b
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Chapter 4. Weak field limit

By performing the integral over the longitudinal coordinate x~

x(xi,y1) =/

Ty

x(

Z,9)

we recover the well-known results (see e.g. Section 5 of [6])
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2

1
sy = S Fe) ) [

2

ey = Sy F ) [

b
2

1
vea(@iy) = =4 In g p(@)Foi(yL)

9?1
x3(xi,yL)= ?hl gp(fvi)P(yL)

J,

pL

P

elpj_‘(wJ__yJ_),

tonl
eiPL'(mL—yL)£
2 b

pPL pJ_

/ elPL(TL—y1) %
pL p

elPL(ZL—yL) L

Y

(4.39)

(4.40a)
(4.40D)
(4.40¢)

(4.40d)



Conclusion & Outlook

In this thesis we gave an overview of the color glass condensate framework characterized
by an effective action which allows one to compute observables at a given energy scale.
The question of how one passes from one energy scale to the next is answered by the
JIMWLK renormalization group equation. Finally, we performed a weak field expansion
of the JIMWLK equation and saw that it corresponds to leading order to the BFKL
equation.

As discussed in the introduction, it is an interesting problem to extend the JIMWLK
equation to describe nuclei with finite longitudinal thickness. In particular one feature
which should be recovered from such an equation, is the growing longitudinal extent when
going to lower energies. This can be understood by recalling the uncertainty principle.
At higher longitudinal momentum, the partons will be more strongly localized in the
longitudinal direction.

The JIMWLK equation as presented in Chapter 3 gives only information to leading
logarithmic accuracy in agln %. The longitudinal structure would only contribute to
subleading terms. To see why consider for example the crude model of a gaussian
longitudinal structure as in

(@) = fa)pl@r), )= e 27
p plxL), P .

The typical integral appearing (in the weak field limit) would then be

At ipta— At _ldQ(p+)2
e e 2 1
fx_/ dp™ :/ dpt ——— =In- +0O(d?).
/:v =) A+ pt A+ pt b (@)

This shows that the effects of the longitudinal structure would not contribute to the
leading logarithmic enhancement.

Nevertheless, it is still an interesting question how effects of the longitudinal structure
could be incorporated into a renormalization group equation. In particular, as explained
above, a lowering of the cutoff should correspond to an increase in the longitudinal
thickness of the nucleus.

When deriving the coefficients ¢ and x for the JIMWLK renormalization group
equation Eq. (3.26) a crucial ingredient is the nonperturbative background field propagator
describing the propagation of gluons in the gauge field generated by the classical color
charge distribution p to all orders. The propagator used in [6, 7] however does not
capture the longitudinal structure of the nuclei. The nuclei are considered to be infinitely
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thin. This, they argue, is because the semi-fast gluons are localized at larger £~ and
therefore they “see” the classical color charge density as an ultra thin sheet of color
charge (see also the discussion in Section 3.4).

Therefore an important step in capturing the longitudinal structure of nuclei would be
to extend the background field propagator to the case of nuclei with a finite longitudinal
thickness.

Another interesting question is whether there exists a relation between the coefficients
o and x as in the case where one has performed the integration over the longitudinal

coordinates. In that case one can check by explicit calculation that the following identity

holds [10]

(1) = 2 (i, y)
O\l )= 25pb(yL)Xab T1,Yl1)-

It is unclear if this identity is satisfied for the case where the longitudinal structure has
not been integrated out.
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Appendix A.

Notation and conventions

In this appendix we summarize our notation and conventions.

A.1. Derivatives

Derivatives always act only on the object immediately to its right unless explicitly stated
otherwise. As an example consider

Oufg = (0uf)g. (A1)

When there are multiple variables involved, it can be useful to attach a label to the
derivative symbol to specify with respect to which coordinate the derivative is to be
taken. We use the following shorthand notation

o5 0

N

(A.2)

A.2. Metric and lightcone coordinates

For the metric signature we choose that the Minkowski metric in cartesian coordinates
(20,2, 2%, %) = (a9, ) (A.3)
takes the following form?
(gfw) = diag(+, —, —, —). (A4)

We introduce lightcone coordinates by the following coordinate transformation

e i(:L’O + 2%). (A.5)

V2

For lightcone coordinates we write (note the change of ordering)

+

(zT, 27,2t 2%) = (e, 27, 2,) = (2,27, 2") = (z, ), (A.6)

1Since we will be almost exclusively working with lightcone coordinates, quantities referring to the
cartesian coordinates will be labeled by ‘c’.
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where we have grouped the components as

x, = (z',2?), (A.7a)
= (z ,x1). (A.7b)

We will also use this notation for volume elements

d’z, =dz'da?, (A.8a)
B3z =ds” Pz, . (A.8D)

In lightcone coordinates the metric reads

01 0 0
1 0 0 0

Ga)=10 0 -1 o (A.9)
00 0 -1

Note that the distinction between upper and lower indices is therefore crucial for the ‘+’
and ‘=’ components. For example, given the contravariant vector V# = (V* V~ V)
the corresponding covariant vector is V,, = g, V" and the covariant ‘+’ component is

V+ = gﬂLV“ = g+,V_ =V (AlO)
and likewise the covariant ‘—’ component is
V.=Vt (A.11)

The inner product of two vectors is given by
U-V=U"Y,=UWV"+UVI-U, V|, (A.12)

where UF = (UT,U~,U,) and V¥ = (U, U~,U}).

A.2.1. A caveat

It is common practice when passing from a covariant expression to an expression where
one has performed a “time-+space” split to treat all the spatial coordinates as belonging
to a euclidean metric and no longer distinguishing between upper and lower indices.
We will not do this. Indices are always meant with respect to the Minkowski metric.
However, we will often write the following

UV, =UVig;=-UVis;=-U, -V, (A.13)

66



A.3. Integration

A.3. Integration

We define the following abbreviations for one-dimensional integrals

/ = /dx,
€T
NG
» 27
which are readily generalized to the D-dimensional case as
/:/dD:c,
x
[= /o
b (2m)P”
A.4. Position and momentum basis

We define our (D-dimensional) position and momentum bases such that

1= [la)el= [ Palo)al

D
f—/\p><p! /(gﬂ)pD [p)(pl-

For the inner products we have

(zly) = 6Pz —y) = I(z,y),
(pla) = 2m)P6P) (@ — y) = I(p, q),

(A.14a)

(A.14b)

(A.15a)

(A.15b)

(A.16a)

(A.16b)

(A.17a)
(A.17b)
(A.17¢)
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Appendix B.

SU(N) Group theory

In this appendix we give a brief introduction to Lie groups and their representations. We
will restrict our focus to the special unitary groups since the gauge symmetry of strong
interactions is of this type. For more details see [21].

B.1. Generators of the group

Consider a complex N-dimensional vector space with inner product

(6,%) = ¢'x. (B.1)

Unitary transformations are the transformations U leaving the scalar product invariant,

i.e. for ¢ — ¢/ = U¢ we have

olo = ¢/ = (U9) Uy = o1UTUs = ol (B.2)
Therefore unitary transformations satisfy
Uu=1 (B.3)

and therefore UT = U~!. The transformations satisfying Eq. (B.3) are said to be elements
of the unitary group U(N). Note that Eq. (B.3) is unchanged by the transformation
U — e“U, where « is a real parameter. Requiring that the transformation has unit
determinant,

detU =1, (B.4)

fixes this phase. Unitary transformations with unit determinant are called special unitary
transformations and are elements of the special unitary group SU (V).
Consider next an infinitesimal transformation

U=1+i0+0(6%). (B.5)
From Eq. (B.3) we have

[2UWU = (I—i0")(I +i0) = I +i(6 — 67) + O(6?) (B.6)
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and therefore we conclude that the matrix # must be hermitian. Equation (B.4) gives

12 detU

| . .
_ 21...UN | . J1 JN
= —N!e ejl_”JNUZ-1 ...UiN

1 . . . . . .
= ﬁell."lNejl...jN (5511 + igiljl) L ((53}1\\; + ieiNjN) 4 0(92)
= €N (818N 4 NI LGN, TN 4 0(6°)

N' 1 IN—1 N

=1+itrf+0(6%) (B.7)

and therefore the matrix # must be traceless.
Since the transformations form a group, consecutive transformations must be a trans-
formation too. By computing

UUTU'U = (I —160')(I —i0)(I +10")(I +i0) = I + [0,6') + O(6%) + O(¢'*)  (B.8)
we deduce that there must be some #” such that
i0" =10,0". (B.9)
We now introduce a set of basis matrices such that we can write
0 = 0,t°. (B.10)

We call this set of basis matrices the generators of the group. From Eq. (B.9) we then
deduce that
t%,1%] = ife ¢°, (B.11)

where the coefficients f,;. are called structure constants. One can show that the structure
constants tensor ¢ is totally antisymmetric and all its components are real. Since it is
a rank 3 tensor, this means that it is symmetric under cyclic permutations.

For algebra elements X = X,t* and Y = Y,t* we know from Eq. (B.11) that their
commutator gives again an element of the algebra, i.e. [X,Y] = [X,Y],t*. From
Eq. (B.11) it is also easy to see that the components are

(X, Y]q = ifape X°YC. (B.12)

The above discussion featured transformations which take the form of complex N x N
matrices. Given the structure constants as in Eq. (B.11) a representation R of the group
is any set of D(R) x D(R) matrices that satisfy

[th, th] = 1/ 15 (B.13)

The special case D(R) = N is referred to as fundamental or defining representation and
will be denoted as N.
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B.2. Complex conjugate representation

The index T'(R) of a representation is defined as

tr(t&t%) = T(R)5?. (B.14)
The Casimir C'(R) of a representation R is defined as

Sapt&ts = C(R) IR, (B.15)

where I is the identity matrix in the representation R.
Summing over the algebra indices in Eq. (B.14) and using Eq. (B.15) gives

C(R)D(R) = T(R)D(A), (B.16)

where A is the adjoint representation which is further discussed in Appendix B.4.
The anomaly coefficient A(R) of a representation is defined as

A(R)de = %tr (t“R {tbR, tcR}) , (B.17)

where we note that the constants d are totally symmetric. Note that Egs. (B.13)
and (B.14) can be combined to give

T(R)f™ = —itr (t“R[t%, tﬁ]) . (B.18)

Combining Egs. (B.17) and (B.18) gives

1
tr(tR 1R X) = o te({th, th}X + [th, th]X)

=N

=5 tr({t%{v t%}tCR + [taRa tllgl]tlc:{)XC

PN

A(R)d™ + %T(R) fab0> X.. (B.19)

B.2. Complex conjugate representation

By taking the complex conjugate of Eq. (B.13) one sees that the matrices —(t%)* also
satisfy the commutation relation Eq. (B.13) and therefore they also form a representation.
If tf, = —(t{)* or if there exists a unitary matrix U such that the transformed matrices
U~HLU satisfy t& = —(t%)* the representation is called real.
If there exists a unitary matrix V such that —(t%)* = V"1¢&V the representation is
called pseudoreal.
Representations that are neither real nor pseudoreal specify the complex conjugate
representation R
= ()" = — ()" (B.20)

Using the invariance of the trace under cyclic permutations and transpositions we see
that the anomaly coefficient defined in Eq. (B.17) satisfies

AR) = —A(R). (B.21)
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B.3. Fundamental representation

Since the generators of SU(N) in the fundamental representation N form a basis for the
hermitian and traceless matrices of dimension D(N) x D(N) = N x N they satisfy the
completeness relation

o A 1
3t ) =T(N) (18]~ yeolat). (B.22)
From the completeness the following identity follows
1 a1 by 1 1
TNy tr(XtN)T(N) tr(Yty) = 7T(N) <tr(XY) D) tr(X) tr(Y)> ) (B.23)

where X and Y are, of course, also given in the fundamental representation N.
The fundamental representation has
NZ -1

D(N) = N, T(N):%, o) =~ (B.24)

B.4. Adjoint representation

Given a representation for which the generators satisfy Eq. (B.13) the matrices defined
via
(T = (t§)* = —if* (B.25)
define another representation called the adjoint representation. We note here that we
exclusively denote the generators of the adjoint representation with 7%.
Since the structure constants are real, the generators of the adjoint representation

are purely imaginary and the adjoint representation is real, i.e. T% = —(7%)*. From
Eq. (B.21) it follows that A(A) = 0. Equation (B.19) becomes

tr(T9TPX) = %T(A) Fex,. (B.26)

Since the structure constants can be viewed as the components of the generators of
the adjoint representation we can write for the components of a field in the adjoint
representation

X =(T)"X, = —if "X, = —if*"X.. (B.27)
Equation (B.26) can then be written as
tr(T9TX) = —%T(A)X“b. (B.28)
From Eq. (B.16) it follows that for the adjoint representation
C(A)=T(A). (B.29)
The adjoint representation has
D(A)=N?-1, T(A)=N, C(A)=N. (B.30)
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Appendix C.

(Gauge theory

Symmetries have proven to be a guiding principle of modern physics. There are several
kinds of symmetries. One kind of symmetry expresses the independence of choosing a
particular reference frame to describe a physical system. Another kind of symmetry
arises when one describes a physical system in a formalism with redundant and therefore
unphysical degrees of freedom. It is then possible to find (infinitely) many different,
but physically equivalent solutions of the system. These physically equivalent solutions
are related by a transformation called a gauge symmetry. This will be the topic of this
appendix.

C.1. Abelian case

Consider the following lagrangian
L=0"919.0 —m*¢'e, (C.1)

where ¢ = ¢(z) is a complex scalar field and ¢f = ¢f(z) is the complex conjugate field.
Clearly, the lagrangian is invariant under a transformation

d(z) — ¢ (x) = eio‘gi)(m), (C.2)

where « is a real constant. This is called a global gauge symmetry.

One can view the factor e/ as a unitary matrix acting on the field ¢ which takes
values in the singlet representation of the group U(1). This point of view will become
more relevant in the following section.

The next step is to consider the case in which the gauge parameter is no longer a
constant, but rather a field itself, i.e. @« = a(z). The transformation now reads

¢(x) = ¢'(z) = *Wg(x). (C.3)

The lagrangian of Eq. (C.1) is not invariant under this transformation due to the
derivatives acting on «a(z). A solution to overcome this problem is to introduce a new
vector field A, (x) via a process called minimal substitution

O = Dy = (0, —igAp)o. (C4)
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Appendix C. Gauge theory

We will refer to the new vector field A, (z) as gauge field. The new lagrangian now reads
£ =(D"$)' Do —m*¢'e. (C.5)

The transformation property of the field A, (z) under Eq. (C.3) can be worked out by
requiring the invariance of Eq. (C.3). In particular, the requirement that

! o

D¢’ £ D, (C.6)

would yield Eq. (C.5) gauge invariant. Inserting Eq. (C.4) into Eq. (C.6) gives

. i i . . ' .

(O — g AL)(€70) = € (0ud + 100 — igA) = €*(Dud — igAy) (C.7)

and therefore the following transformation property of A, (z) under Eq. (C.3)

1

Ay(x) — A;L(x) =A,(x)+ gaua(x). (C.8)

In the abelian case one defines a field-strength tensor according to

Fu(z) = 0,A,(x) — 0,Au(x). (C.9)
The field-strength tensor is invariant under local gauge transformations

1 1
Fly = 0ud, — 0, A} = 0u(Ay + gauoz) — 0y (Au+ ;aﬂa) = 0, A, — 8,A, = F,. (C.10)

The dynamics of the gauge field can then be described by the Maxwell lagrangian

1
C.2. Non-abelian case
Consider the following lagrangian
L=0"¢T0,0 —m2¢lo, (C.12)

where now ¢ = ¢(z) is a complex scalar field taking values in some representation R of
the special unitary group SU(N) and ¢' = ¢f(x) is the hermitian conjugate field. For
our purposes it suffices to regard the field ¢(x) as some D(R)-dimensional multiplet

¢1()
o(z) = : . (C.13)
p(r) ()

Equation (C.12) is now invariant under global gauge transformations

¢(z) = ¢ () = Ug(x), (C.14)
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C.2. Non-abelian case

where U is a constant group element satisfying
U'v =1 (C.15)
In index notation the transformation in Eq. (C.14) reads
6i(2) = $i(x) = U}/ 6;(x). (C.16)

As in the abelian case we introduce a new field A, (z) via the process of minimal
substitution
Oup = Dy = (0, —igAu)¢ (C.17)

with the crucial new feature that the gauge field takes values in the Lie algebra of the

representation R
AP (z) = AL (z)tg. (C.18)

The new lagrangian then reads
£ = (D"$)'Dyg — m*¢'o. (C.19)
For Eq. (C.19) to be invariant under the local gauge transformation
¢(z) = ¢(z) = U(z)() (C.20)
we now require the gauge field to transform in such a way that
D¢/ = UD,é. (C.21)
Expanding gives
D;¢’ = (0, —igAL)(UqS) = 8#U¢+U8uq5—igA;LU = UD,¢p =U0,0—igUA,p (C.22)
and therefore the transformation property

Au(z) > Al(x) = U(x) <Aﬂ(x) + ;au> Ut (@), (C.23)

where we used 9,UU t= -Uo,U f. In the non-abelian case the field-strength tensor is
defined as
Fou() = 0, A, (2) — 0, Au() — igl Ay (2), A, ()] (C.24)

Inserting the transformation of the gauge field Eq. (C.23) gives
Fy, = 0,4, —igAL A, — (p > v). (C.25)
The first term in Eq. (C.25) is
1
8HA1,/ = Ou[U(Ay — Eau)UT] (C.26)

1
= 0,UAU + U0, AU +UA,0,U" — % (8,U0, +U0,0,) U,
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Appendix C. Gauge theory

The second term in Eq. (C.25) is
. . 1 1
—igAl, A}, = —igU(A, — gaM)UTU(AV - an)m
1
= —igUA, AU + (U, UUA U +UA,0,U") - EU@LUTU@VUT
1

= —igUA, AU + (-0, UA U+ UA,0,U") + QGMU&,UT, (C.27)

where we used Ud,UT = —9,UUT. Combining Egs. (C.26) and (C.27) gives

1
OuAl, —igAl Al = U(0, A, —igA, AU + U(A,0, + A,0,)UT — EU@L&,UT. (C.28)

Therefore the transformation of Eq. (C.25) becomes
F, = U0uA, — 0, A, —ig[Ay, A\ UT = UF,, U (C.29)

The field-strength tensor is gauge covariant. Note that this contrasts the abelian case,
where the field-strength tensor is invariant under gauge transformations — a result which
can be obtained from Eq. (C.29) by noting that in the abelian case the gauge field and
the transformation matrix commute.

The dynamics of the non-abelian gauge fields can be derived from the Yang—Mills
lagrangian

1 1 1
- _ = uv — _ Cpuvpa
Lyt = =y O Bl = =3 P (C.30)
C.3. Wilson lines
Given a path
P={z(t)| 2(0) =z,2(1) =y,0 <t < 1} (C.31)

we define a Wilson line

boodet
Up(y,x) :Pexp{ig/ dt Au(z)}
0 dt

=1 1 1 dzm d zHn
= —P dty--- dt, —A oA n
S0P ) anee [t G A ) G A

> dzHt dzHn

- Aty dty C Ay (1) AL (), (C.32
Z/12t1>--~>1tnzo ' dty o (21) dt pn (2n) ( )

n=0 n

where P is the path-ordering symbol denoting that the fields are to be ordered in such a
way, that the path parameter increases from right to left. The gauge field A(z) = Aq(x)tg
can take values in any representation R of the gauge group.

If there is no path, P = {z(¢)|2(t) = x,0 <t < 1}, the Wilson line is trivial

Up(z,x)=1. (C.33)
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C.3. Wilson lines

Taking the hermitian conjugate corresponds to changing the direction of the path, i.e.
Ub(y, ) = Up(x,y). (C.34)

Given a point p € P such that p separates P into P; and P» (with obvious endpoint
identifications) we have
UP(y7$) = UP2(y>p)UP1 (p,:E) (035)

The functional derivative of the Wilson line with respect to the gauge field gives [22]

1
S Ur ) =i | AU 0) 5 ORUP 0.2 el ). (C.36)

It is obvious that the functional derivative is non-vanishing only in the case that the
spacetime point p at which the derivative is taken lies on the curve P. A special case of
this identity is used in Section 2.2

To obtain the transformation properties of Wilson lines, note that any Wilson line can
be decomposed into infinitesimal Wilson lines using Eq. (C.35). An infinitesimal Wilson
line can be written as

Uz +e,2) = I +ige"A,(z) + O(e?). (C.37)

Performing a gauge transformation

Au(x) = Al (2) = Qz) <A#(x) + ;]a > Qf(z) (C.38)
gives
Uz +ez) = Uz +e,1)

= I +ige!Q(a) Ay (2)Q1 (2) — Q(2)e" 9,01 (x) + O(e?)

= I +ige"Q(z) A, (2)Q (2) + €9,9(2)Q (z) + O(e?)

= Q(z +¢) (I +ige" A, () O (2) + O(?)

= Qx+e)U(z + e, 2)Q () + O(e?) (C.39)
which leads to the transformation property

Up(y,z) = Up(y,z) = Qy)Up(y, 2)Q (2). (C.40)

C.3.1. Wilson lines in different representations

Let A= AR = A%, and A = A%2 = A°T, denote the gauge field in an arbitrary and
the adjoint representation, respectively. Furthermore let I and Z denote the identities in
the fundamental and adjoint representation, respectively.

Firstly, we will prove that

£, (A)"] = [(A+ AZ)" — (A)"T]", . (C.41)
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Appendix C. Gauge theory

For n =1 we have

(19, A] = [t Act®] = Adfo, = (A)%t0. (C.42)
Assuming that the Eq. (C.41) is true for n we have
G = (A AL (4 14
— (AP (A + [(A+ AT)" — (A)T)%, 04
= (A)"(A)"t" + [(A+ AT)" — (A)"T]%, [A + AL, ¢
= [(A+ AT)™H — (A)"H1T]%, ¢ (C.43)

Using induction we therefore have proved Eq. (C.41).
Now consider a function f(A) =), fnA™. From Eq. (C.41) we have

9 F(A) = [1%, F(A)] + FANT = F(A+ AT)" . (C.44)
The special case f(A) = expid gives
toelA = [lATAT b = iAol b, (C.45)

Next we will need to generalize our above results a bit. Firstly, we will prove that
[t Ay Ay = [(A + A1T) - (Ap + AT) — Ay - A Z)% 80 (C.46)

The case n = 1 gives nothing new. Consider now that the expression is true for n and
consider

[t A1~ Apa]
= Al Ce An[t‘17 AnJrl] + [ta7 Al .. An]An+1
=Ap - Ap(An )%t + [(AL+ ALT) - (An + AZT) — Ay - AT %A
= Ay An(Anga) St
+[(AL+ ALT) - (Ap + AnT) — Ay AT %[ Ana T + Anga et
=[(A1 + A T) - (Apy1 + Ap 1 T) — Ay - Ay 1 T %0 (C.47)

Using induction we therefore have proven Eq. (C.46).
Let V =Pexpig [dz-A and U = Pexpig [ dz-A denote Wilson lines along the same
path in an arbitary and the adjoint representation, respectively. We formally write

V=P =) "V, A1 A, (C.48)

Using Eq. (C.46) we have
'V = [tY, V] + Vit?
=D Valt" Ay A+ VO
=Y Val(Ai + AiD) - (Ap + ApT) — Ar - A T80 + Vi
— P[ei(AJrAI)]abtb
= VU5, (C.49)
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where in the last step we used that [A,Z] = 0 and the fact that the “splitting” of the
fundamental and adjoint representation fields can be performed without spoiling the
ordering among the fields in the same representation. We finally arrive at the important
identity 23]

Vitey = U, (C.50)

A special case is that the arbitrary representation is chosen to be the adjoint representa-
tion, R = A, which gives
UtTeu = U4 T (C.51)

Given a field X = X,t% in a representation R consider conjugate field
X' =VIXV. (C.52)
Inserting the components and using Eq. (C.50) we have
X' = X!t* = VIX, TPV = X, U®, t°. (C.53)

and therefore
X, = X,U°,. (C.54)

Using the hermiticity and the fact that the generators of the adjoint representation are
purely imaginary we have

Uap = U}, (C.55)

Equation (C.54) can therefore also be written as

X, =U" X, (C.56)
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Appendix D.

Fourier transformation

We adopt the convention of differentiating between a function and its Fourier transform
merely by the argument names. We will use the letters x,y, z,w to denote spatial
coordinates and the momenta will be denoted by the letters p, q,r, s.

Auxiliary functions, such as the Heaviside theta and the sign function, which do
not have a natural space (spacetime or energy-momentum) attached to them will be
distinguished by different symbols.

D.1. One-argument Fourier transformation

Given a function f(t) the relations between it and its Fourier transform f(E) are given

by
* dE _;
0= [ SeeE ) (D.1a)
f(E) = / dte' Pl f(t). (D.1b)
For functions f(x) the relations between it and its Fourier transform f(p) are given by
0 d3p ipx
fl@) = [ e i) (D.20)
)= [ dPzeimri) (D.2b)
For functions f(z) the relations between it and its Fourier transform f(p) are given by
[e’s) d4p ipe
fla) = [~ e i), (D.3)
fB)= | dtedrsa), (D.3h)

where z = (¢t,x), p= (E,p) and pxr = Et — p - x.
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Appendix D. Fourier transformation

In lightcone coordinates we have pxr = pT2~ +p 2+ — p| - x,. Comparison with
Eq. (D.3) immediately gives the following natural relations

fa = [~ Pe e ), (D.4a)
)= /_OO dzt eip7x+f(:z+), (D.4b)

_ o der —iptax— —
fa) = [P ), (D.5)
" g et fla), (D.5b)

i ePLTLf(p ), (D.6a)
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9=

d2azl e TITLPL f(p ). (D.6b)

D.1.1. Heaviside theta

In this section we will discuss the Fourier transforms of the Heaviside theta function.

Spacetime

For spacetime arguments we define

0 =<0
1 >0

For time- and lightlike coordinates (¢, 2™, 27 ) the Fourier transform of the Heaviside
theta is given by

iBt—et |

o Bt > iBt _ €
0E)= |  dtePlo@) = [ deePt= S
()= [ areo /0 (E1i9),

For spacelike coordinates (x, ) the Fourier transform of the Heaviside theta is

o0 . oo . e—ipa:—ea:
6(p) :/ dze P*0(x) :/ dore ™ = ———
0

o —i(p — i)

i

_ D.8
-0 E+ie ( )

°° —i
=0
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D.1. One-argument Fourier transformation

Momentum space

Since we distinguish a function and its Fourier transform merely by its argument we
need to define the momentum space Heaviside theta function

0 p<oO
dp)=4q3 p=0. (D.10)
1 p>0

For energies and longitudinal momenta (E, p*, p~) the Fourier transform of the
Heaviside theta is given by

© JE . ©JE . 1 —iEt—et |° 1 —i
9(¢) = / EZ omiBty(E) = / Sl = | == " (D11
oo 2T 0 27 21 —i(t —ie) |y 2mt—ie
For spacelike momenta (p, p ) the Fourier transform is
® qp . © dqp . 1 ipr—ex | 1 :
V(z) :/ —pe‘pxﬂ(p) :/ Loiper - - ° S (D.12)
oo 2m 0o 2m 21 i(x +i€) |, 2max +ie

D.1.2. Sign function

In this section we will discuss the Fourier transforms of the sign functions. It turns out
that they are related to the principal value defined as

PV1—1< LR > (D.13)

x 2 \x+ie zx —ie

Spacetime

For spacetime arguments we have defined in Eq. (2.40)
e(x) =sgnx = 6(x) — 6(—x), (D.14)

where z is any of the spacetime coordinates.
For time- and lightlike coordinates (¢, 2, #7) the Fourier transform of the sign
function is given by

i i

€(E) =6(E) —6(-F) = E+ie —E+ie

1
=2iPV —. D.1
i VE (D.15)

For spacelike coordinates (x, x, ) the Fourier transform of the sign function is

ep) =0p) —0(-p) = :iie - _p__i — = 2PV ]13. (D.16)
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Momentum space

The momentum space sign function is defined as

e(p) =sgnp =9(p) — I(-p), (D.17)

where p may be any of the momentum coordinates.
For energies and longitudinal momenta (E, p*, p~) the Fourier transform of the
Heaviside theta is given by

c(t) = D(t) — O(—t) = — ( R ):_mpvl (D.18)

:ﬂ t—ie —t —ie

For spacelike momenta (p, p, ) the Fourier transform is

e(z) = 0(z) — I(—2) 1( i i ) EPV% (D.19)

:% x—i—ie_—x—l—ie :27T

D.1.3. Sign function as matrix element

With the above relations it is natural to interpret the sign function as a matrix element
of an operator. Consider for example

cw—y)= [P Ve) = [(alp)iply) = [ (@] PV o p)ply) = (] PV ).
P P

P P P
(D.20)

We therefore may identify the following operator

—2i
=PV — D.21
=PV (D21)

and can therefore write

e(x —y) = (z|ely). (D.22)

It is sometimes convenient to extend the matrix element notation to more than one
component of the coordinates. For instance, we might want to express the sign function
for lightcone time arguments as follows

(@lely) = (@ ely™)(@7) = e(a™ —y")I(&,7), (D.23)

where I(Z, ) is defined as in Eqgs. (A.17).
D.2. Two-argument Fourier transformation

In this appendix we will discuss a generalized notion of the Fourier transformation for
two-argument functions.
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D.2. Two-argument Fourier transformation

D.2.1. One-dimensional case
Conventions

A multiplication of two two-argument functions F' and G is defined as

(FG)(z.y) = [ Fle,2)G(z0) (D.24)
and similarly
(FG)(p.0) = [ Fpr)G(r0) (D.25)
The identity functions for position and momentum space are, respectively
I(z,y) =d(z —y) = /ei”("’”y), (D.26a)
P
I.0) = (20— ) = [ &0 (D.26b)

In order to simplify notation and facilitate calculations it may prove helpful to “promote”
a one-argument function f(x) two a two-argument function by defining

Fourier transform

Given a two-argument function F(x,y) we define its Fourier transform via!

F(p.q) = / F(z, y)ere+iay (D.28)
x?y

which is equivalent to
F(z,y) = / F(p,q)e?* . (D.29)
P

)

The transformation of a product of functions can be obtained by considering

(AB)(z,y) = / Az, 2)B(z,y)

— / A(p, r)eipzirz/ B(S, q)eiszfiqy
zJp,r $,4q

— / A(p, ) B(s, q)ePr—iov / Jr=9)z
p,q,7,S z

— / Alp,r)B(s, @)™ I (r, s)
p’q7T7's

1" The choice of signs in the exponent corresponds to the conventional interpretation of z as a spatial
coordinate.
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Ny R T
p,qJr

- / (AB)(p, g)eive v, (D.30)
p,q

We conclude that the Fourier transform of a product of functions is the product of the
Fourier transforms.
Useful transforms

Consider the function

A(z,y) = 0. F(z,y). (D.31)
Its transform can be obtained by considering
A(z,y) = 0.F (z,y)
= &p/ F(p,q)e'P*—10v

= / ipF (p, q)e* 1
p,q

= / ipF (p, q)e* . (D-32)
p,q

)

We conclude that
A(p,q) = ipF(p, ). (D.33)

Using the promotion of one-argument functions Eq. (D.27)

we have for its Fourier transform

F(p,q) —/ F(z,y)e rotiav —/ f(@)I(x, y)e PrHay _/f(x)e—i(p—Q)r —q),
Y T,y -

<D 35)

where the one-argument function f(z) has the one-argument Fourier transform f(p) =

fr f(x)e Pz,

Next, consider the function

B(z,y) = G(z,y) /f I(z,2)G(z,y) /F:UZG(Z y) = (FG)(x,y).

(D.36)
Its Fourier transform is, using Eq. (D.30),

B(p,q) = (FG)(p,q) Z/F(pﬂ“)G(hq) Z/f(p—r)G(hq)- (D.37)
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D.2.2. D-dimensional case
For the D-dimensional (D = d+ 1) case we define the two-argument Fourier transform as

F(p,q) = / F(z,y)e?* 1y, (D.38)
z,y

)

where we call attention to the apparent change of signs in the exponent, which can be
understood by noting that
pr = pla’ g (D.39)

and recalling Footnote 1. The identity functions for position and momentum space are,
respectively

I(z,y) = 6Pz —y) = / oIy, (D.40a)
p

I(p,q) = (2m) 76" (p - q) = / ellP=a)z, (D.40b)

xT

With our choices of signs the transform of
A(z,y) = 0,1(z,y) (D.41)

is given by
A(p.q) = —ipuI(p,q)- (D.42)
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Appendix E.

Propagators

E.1. Axial gauge gluon propagator

Consider the lagrangian

L= Lo+ L, (E.1)
where we have for the free lagrangian
1
Lo = §A“(gw,82 — 0,0,)A” (E.2)
and the gauge-fixing lagrangian is given by
1
Lo = 55*1/1“71,/:1”14". (E.3)

Note that the gauge condition n,A* = 0 can be obtained by taking the limit £ — 0.
From the action S[A] = [dz L we get the inverse propagator

2
(Go (@, y) = (Wij(% = (gu0% — 0205 + &€ 'nuny )W (@ —y).  (E.4)

In momentum space we therefore have
(Go M) (p) = —Gurd” + pupy + & . (E.5)

For the propagator we make the following ansatz
v 1
Gy (p) = =5 lag" + Bp"p” +(p'n” +n"p") + dn'n”]. (E.6)

Requiring that (G5 1), (p)Gy’ (p) = o), gives

a=1, (E.7a)

g

NTNER (E.7b)
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v= — , E.7c
(n-p) (B-7¢)
0=0. (E.7d)
Therefore the propagator for the fields A, is
1 n? — &p? 1
GH (p) = — = <g’“’ + ——ptp” — ———(p'n” + ntp¥ > . E.8
0 )= (n-p)? ) ) E8)
Taking the limit £ — 0 gives
Gl (p) = (g“” P P = (pn + n"p”)> : (E.9)
p? (n-p)? (n-p)

For the special case that n? = 0, i.e. that the vector is lightlike, we get for the propagator

GyY(p) = —pl2 (g’” - M(p“n” + n“p”)> : (E.10)

E.1.1. Lightcone gauge propagator
The lightcone gauge AT = 0 is an axial gauge, where the unit normal vector is given by
nt =", (E.11)
The propagator then has components
Go”'(p) = X" (p)Go(p), (E.12)

where G is the scalar propagator

(E.13)
and the coefficients are

X="F, X'=X"0="7 Xp) =0 (E.14)

E.2. Perturbative gluon propagator

In this section we will derive the background field propagator for the color glass condensate
via a perturbative expansion. This is useful when studying the weak field limit, since
then the expansion can be truncated at the desired order.

The inverse propagator of the semi-fast gluons in the presence of a background field
3>S[A, p]

H(2,9) =~ (E.15)

G T SAR(2)5AY (y) AeA
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E.2. Perturbative gluon propagator

takes the form (with spacetime indices suppressed)
Gl =Gyt +0(G™Y) = GgH (I + Gos(G™Y)), (E.16)

where G denotes the propagator for gluons in the vacuum (no background field). This
expression can easily be inverted

G = (I+Go6(G) Gy = i(—l)”(Goé(G*I))"GO. (E.17)

n=0

In the weak field approximation this series can be truncated in such a way that only
terms up to some order in the field-strength and charge density contribute. Note that
§(G™1) itself is not linear in the perturbative quantities.

E.2.1. Yang—Mills term

From Eq. (2.21) we have for the second functional derivative of the Yang—Mills term
evaluated on the classical field solution as a matrix in the adjoint representation'

§2Svym[A]

SARDA ()| T 2 - —2i 4) (5 —
SAH(x)5AY (y) | 4— 4 (9D — DD, 219]:“’/):55 (x —y), (E.18)

where the subscript £ means that the derivatives are to be taken with respect to z and
all the fields have = as their argument.
The individual terms are

D? = (0, + (—ig)A,)(0° + (—ig)AP) = 9* + (—ig)(d - A+ 2A - 9) + (—ig)? A%,

(E.19a)

DDy = (0 + (—ig)Ay)(0y + (—ig)A) (E.19b)
= 0,0y + (—ig) (0 Ay + A0, + AL0,) + (—ig)* AL Ay,

Fuw = 04 A, — 00 A, + (—ig)[Au, Al (E.19¢)

Combining all the terms gives

9uwD? — DDy, — 2igF,
= Y [82 + (—ig)(0- A+2A-0)+ (—ig)2A2}
— 0,0, + (—ig)(Op Ay + A0y + A,0,) + (—ig)* ALA, ]
+2(—ig) [Op Ay — O Ay + (—ig)[Ap, Al]]
= g 0* — 90,0, (E.20)
+ (~ig) (g (0 - A+ 24 -9) + 0, A, — 20, A, — A0, — AL,
+(=i9)? [guA? + AL A, — 24,A,] .

!To obtain the given expression use Eq. (B.27).
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Appendix E. Propagators

By noticing that the first part is the inverse free gluon propagator, i.e.
(Go M (@,9) = (Guwd® — 8,0,)20D (z — y) (E.21)
we can write

§2Sym[A]

SA(@)0A () |y (Go V(@ 9) + Dy (), (E.22)

where we have defined

GG yMuw (@) = A (@,y) = AR (2, ) + AR (2, y), (E.23a)
AN (@, y) = (~ig) [gu (@ - A+ 2A4-0) + 0y Ay, — 20, Ay — A0y — Ay, 00 (@ —y),

(E.23b)
AELQZ/) (.%‘, y) = (_ig)2 [g/u/Az + A},LAI/ - ZAVAH] T 5(4) (aj - y)v (E23C)

where AD) and A® denote terms linear and quadratic in A, respectively.
Using the Fourier transformation for two-argument functions detailed in Appendix D
we have

AQ)(p.q)

= (=ig)(-Dlgw((p—q) - Ap—q) +2A(p—q) - ¢) + (p — Q) Au(p — q)
20— AP — ) — AP — e — Aulp — D)

= (—ig)(—1) [gw(p+ @) - AP — @) + (p — 2¢)Au(p — @) + (¢ — 2p)L Au(p — 9)]

(E.24a)

A (p,q) = (=ig)? [guA” x A, + Ay * Ay — 24, % A,] (p — q), (E.24D)
where the convolution is defined as

(fx9)p) = /f(q)g(p - q). (E.25)

q

E.2.2. Wilson line term

From Eq. (2.39) we have for the second functional derivative of the Wilson line term
evaluated at the classical solution

5*SwlA~, pl _._lg
Edied 18 il N of B — 55 Yt — (DB (7 — 7 9
SAR(2)5AY (Y) | 4e s pOu QE(I Yy )p(Z)0\ (¥ — 1), (E.26)

where €(x) = 0(x) — 0(—x) as defined in Eq. (2.40). This term has no free part and we

thus write
5*SwlA~, p]

(G W) (z,y) =Tl y) = e

= A (2)0 A ) e (E.27)
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E.2. Perturbative gluon propagator

The Fourier transform is

FW’(p’ q) = / F,ul/(x, y)eipx—iqy
T,y

= [ 505, Lt~y )@ @ — e
x7y

= 5M5V129/ e(zt — yt)elr i y" / p(£)6®) (& — if)ePEaT

—

I+,’y+ x,g’

= 5;(5;% /x+ " e(gff)eiﬂfﬂf**i(q‘*10‘)yJr /ﬁp(a‘:’)ei(ﬁ‘f)'f
__ig_. 1 o
= 5,u51/ 521PV;I(1) »q )p(p - (T)
e -
= —g6,6, PV Ff(p ,q )P0 = q), (E.28)
where we denoted p= (p*,p.) and p-F=ptax~ —p, -x, and used

- 1
/e(g:)em =2iPV - (E.29)
v p
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