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Abstract

The goal of this thesis is to determine power counting rules at next-to-leading order (NLO) in the hard
thermal loop (HTL) resummation. The original paper by Braaten and Pisarski discusses NLO HTL resum-
mation and argues that there are potentially three types of contributions. We start by studying these terms
in the specific case of the boson and fermion self energies in QED and QCD, as these quantities have been
calculated in previous literature. For the real and imaginary parts of the fermion and gluon self energies,
one needs to calculate only one type of term, as the other two are found to be subleading. However, for the

real and imaginary parts of the photon self energy, all types of terms need to be calculated.
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Chapter 1

Introduction

In the first chapter of this thesis we provide an introduction to finite temperature field theory and the hard
thermal loop resummation. The first section involves a discussion of zero temperature field theory, specifically
scalar field theory and quantum electrodynamics (QED). The next section provides a brief introduction to the
imaginary time and real time formalisms of thermal field theory. The real time formalism is then discussed
in detail. A discussion of the different bases used to define propagators is included. In the third section, the
hard thermal loop resummation techniques of Braaten and Pisarski [1] are introduced. In the fourth and
final section of this chapter the hard thermal loop resummation is applied at leading order to a QED plasma.

We use the techniques described in the previous section to obtain physical information about the plasma.

1.1 Zero Temperature Field Theory

We consider scalar, electron and photon fields. The generalization to QCD is straightforward. The scalar
fields are the easiest to study, as electron fields involve Dirac matrices and photon fields depend on the gauge

of the calculations and have Lorentz structure [2].



1.1.1 Scalar Fields

For scalar fields in ¢* theory, the Lagrangian is [3]
1 2 1 o5 Ay
L= i(aufb) —gm P° — Eﬁﬁ . (1.1.1)

In (1.1.1), the first two terms combine to form the free Lagrangian, while the last term is the interaction
Lagrangian. The equation of motion can be derived from the free Lagrangian in (1.1.1), and is the Klein-
Gordon equation,

(079, —m*)p(X) = 0. (1.1.2)

The inverse of the bare propagator in momentum space is obtained by taking the Fourier transform of (1.1.2):
Ay (P) = P2 —m? +ie. (1.1.3)

The imaginary term is included to regulate the singularity that would otherwise occur at P? = m? and

corresponds to time ordered boundary conditions. The bare propagator is obtained by inverting (1.1.3):

1

Bo(P) = P2 —m?2 + e

(1.1.4)

The normalization is chosen so that in a Feynman diagram, an internal line corresponds to ¢ times the

propagator. In scalar ¢* theory, the vertex is equal to —i\.

The self energy II is defined to represent the interactions that the scalar particle has with the medium

in which it is propagating. We define the dressed propagator to be

AP) = S = T — ) AP
0 n
= Ao(P) + Ag(P)IAG(P) + Ag(P)IA(P)IAG(P) + .... (1.1.5)

Based on this definition of the dressed propagator, the self energy is equal to i times the corresponding

Feynman diagram. The Dyson-Schwinger equation [4] is obtained by inversion of (1.1.5),

A7Y(P) = Ay (P) —TI(P). (1.1.6)



1.1.2 QED

In this section we consider the photon and electron propagators at zero temperature. This is an extension
of the work done for scalars, and details of the analysis can be found in appendix B. Consider the QED

Lagrangian at zero temperature in the Feynman gauge [2]:

L:&@ﬁ—mW—imJﬂ%ﬂﬁwu%+%@Aﬂ2 (1.1.7)

Fl = 0,A, — 0,4, (1.1.8)

Here, A, and A, are the photon fields, 1 is the electron field and 1) its Dirac conjugate, and F,, is the
field strength tensor. The first two terms of (1.1.8) represent the Lagrangians of free electrons and photons,
respectively; the third term represents the interaction between photons and electrons, and the last term is

the gauge fixing term. Note that & = "9, where y represent the Dirac matrices [2].

The resulting propagator for photons in momentum space is obtained from the second term of (1.1.8) in

a manner described in appendix B and is

(g — (1 — O) ZFe]
P2

v
— _ﬁ' (1.1.9)

Note that ¢ is the gauge fixing term. In the second line of (1.1.9) we have chosen to use the Feynman gauge

(¢ = 1), as the resulting propagator has a particularly simple form.

Similar to (1.1.6) for scalars, the effective photon propagator is
Dy, (P)"' = (Dp,)""(P) — 1, (P) (1.1.10)

where II,,,,(P) is the self energy of the photon. Due to (1.1.10), the photon self energy is ¢ times the corre-

sponding bubble diagram.

The propagator for non-interacting fermion fields in momentum space is obtained from the first term of



(1.1.8) and is

P+m

P mrtic (1.1.11)

So(P)= (P —m+ie) ™" =

Note that the denominator of the fermion propagator in the second term of (1.1.11) is the same as that of
the scalar propagator. Both forms are useful depending on the calculation being performed. The effective

fermion propagator is defined analogously to (1.1.6):
S™HP) = Sy (P) — X(P). (1.1.12)

As in the case of scalars and photons, the fermion self energy is defined to be i times the corresponding
diagram.

It is important to note that in QED, photon and electron propagators are matrices. The photon-electron
vertex is also a matrix, and is given by —ievy,, where e is the QED coupling constant and v is a gamma
matrix.

The extension from QED to QCD can be found in [2]. The gluon and quark propagators are equal to the

analogous ones in QED (photons, electrons) up to constants. There is an additional propagator for ghosts.

1.2 Thermal Field Theory

1.2.1 Real Time and Imaginary Time Formalisms

Consider scalar fields. In finite temperature field theory, there are two formalisms that can be used to
calculate amplitudes of different diagrams [5]. Note that the time paths in both formalisms satisfy the
Kubo-Martin-Schwinger (KMS) condition, which states that the imaginary component of the time must lie

in the interval [0, 8] [6], where 8 = .

The imaginary time formalism (ITF) uses a purely imaginary time path (see figure 1.1). The Feynman
rules are similar to those in zero-temperature field theory. The main difference is that instead of integrating
over the zeroth component of the momentum, a sum over discrete frequencies (the Matsubara frequencies,

ko = 2minT) is performed [6]. Once the integration and summation are complete, an analytic continuation is

4



Figure 1.1: The imaginary time integration contour

performed to get the physical result. However, the analytic continuation can be a very complicated process.
Another disadvantage to the ITF is that since the time variable is exchanged for temperature the formalism

cannot be used in non-equilibrium scenarios [4].

The real time formalism (RTF) involves integrating over a path that includes branches parallel and
anti-parallel the real time axis, as shown in figure 1.2 (C; and C3). Due to the fact that we can integrate
along either the top path or bottom path of (1.2), the resulting propagator is a matrix. This is known as
the doubling of degrees of freedom. We will be using the closed time path (o = 0) since in this case the
propagator has a particularly simple form. Thus, the branches C; and C5 lie along the real time axis. The
RTF can be used to study non-equilibrium scenarios. While it can be more complicated for some calculations,

the RTF is the simpler formalism to use for our purposes.

1.2.2 The (1-2) basis

The propagator in the real time formalism is a (2 x 2) matrix due to the doubling of degrees of freedom
discussed in the previous subsection. We now look at one basis in which we can perform calculations: the
(1-2) basis. The components of the matrix correspond to the branches on which the particle starts and
finishes: Aq; and Agg correspond to the particle traveling along Cy and Cs, respectively, while Ajo and Agy

involve the particle traveling from C; to Cy and Cs to C1, respectively. The propagator in the (1-2) basis in



Im t

Re t

t = —00 Cl
3 _
t=—00—10 < *E_OO
t =00 — 10
Y c,

Figure 1.2: The real time integration contour
position space is [7]:

A%X,Y) = ' (1.2.1)

where T and T are the time ordering and anti-time ordering operators, respectively, The (11) component of
(1.2.1) is the standard time-ordered propagator seen in zero temperature field theory. The (22) component
has time running in the opposite direction, hence the anti-time ordering operator. The (12) and (21) cases
do not involve time ordering since times on Cy are always later than Cj.

The momentum space scalar propagator in the real time formalism is [4]:

1 n — n
AV(K) = K?—m?+ie 0 _omis(K? —m?) B(|kol) O(—ko) + np(|kol) (122)

0 T O (ko) + n5(lko) ng(|kol)

The function ng (ko) is the boson distribution function and is defined appendix A.
For fermions and photons, the propagators in the (1-2) basis have the same structure as the scalar

propagator and differ by multiplication with an operator:

So(K) = (K +m)AGK), AUK) = Ay ro) > (123
Dgu(K> = _gMVA(K)‘mHO (1.2.4)



where ng(ko) is the Dirac distribution for fermions and is defined in appendix A.
The vertices at finite temperature also have a tensor structure of the form I‘?jk, {i,4,k} € {1,2}. One can

show that the only non-zero components in scalar theory in the (1-2) basis are:
F(1)11 = —iA

[950 = i (1.2.5)

Note that the (111) component is the zero temperature vertex in scalar theory. In QED, the vertices have

the same form, but with A\ — ey*, where e is the QED coupling constant and +* is a Dirac matrix.

The Feynman rules are:
1) Each internal line is — 4 times propagator corresponding to that line.
2) The non-zero vertices are I'11; = —T'a99 = —i\ in scalar theory, and in QED A — ey*. All other [ijx are
zero. There are additional vertices in QCD [2].

(C;’“)g as in zero temperature theory [8].

3) Each loop of momentum K; — [

4) Symmetry factors are the same as they are in zero-temperature theory.

1.2.3 Keldysh Basis

We again consider only scalar fields to start. We can write the propagator (1.2.2) in a different basis. This

is useful since the components of the (1-2) basis are not all independent:
Ay + Agp — Agp — Ay = 0. (1.2.6)

A particularly useful choice is the Keldysh basis, which consists of retarded, advanced and symmetric com-
ponents:

Ap=A1 —Ap

Ap=Ap — Ay

Ag = Aq1 + Aga. (1.2.7)



The inversion of (1.2.6) and (1.2.7) gives useful expressions for the (1-2)-basis elements:

1
Ay = §[AS + A4+ Ag]

1
Ajp = -[Ag + Ay — Ag]

3l
1
Aoy = i[AS — A+ ARg]

1
gy = 5[As = Aa — Agl (1.2.8)

The Keldysh basis elements for bare scalar propagators in momentum space are:

1
A%(K) =
r(K) K2 —m? + isgn(ko)e
1
AY(K) =

K2 —m? —isgn(ko)e

AY(K) = —271id(K? — m*)sgn(ko) (1 4 2np(ko)). (1.2.9)

The usefulness of the Keldysh basis is immediately apparent: only the symmetric propagator is tempera-
ture dependent, and there are fewer non-zero components. Not all the elements of the Keldysh basis are

independent, as they can be related by the KMS condition

AS(K) = N (ko) [AR(K) — AY (K)] (1.2.10)

where N (kg) can be either Np(ko) = 1+ 2np (ko) or Np(ko) =1 — 2np(ko), depending on the statistics of

the propagator. The self energies in the Keldysh basis can be defined in a similar manner to (1.2.8):

IIg = II11 +1Iy2
IIa =141 + 1oy

Ilg =111 4 os. (1.2.11)
The KMS condition for self energies is
Il = N(ko)(Ilg — I1,). (1.2.12)

Another advantage of the Keldysh basis is that the Dyson equation has the same form as at zero tem-



perature (see (1.1.6)). Consider first the propagator in the (1-2) basis and look at Ay;. From (1.1.5):

Ay =AY+ A?mHmyAgl + ...

= [AY) + AN T AY ] 4+ AN T A + A TIo Ay + Al TTas A, + ..
In comparison, the retarded propagator has the form

Ar  =An—Ap
= Al + AL T AL + A T A + AT Ay + Al Tlan AY,

— [AY; + AN T A, + Ao Ay + A TIp A, + AT A, + ...
= AR + A} (M AR + o (A9 — AY)) + Ay (21 A + Tap (A — Ady)) + ...
= AR + A} (M AR — MipAR) + A (a1 AR — ADHAR)
=AY + AQUTIRAY, + ... (1.2.13)

It is easy to see that including higher order terms we obtain Ag = ( in contrast with the result

1
A(I]{)71 7HR )
from the (1-2) basis where Ay # m.

Now consider QED. In the Feynman gauge, the Keldysh representation of the fermion and photon prop-

agators are proportional to the scalar propagator:

Si(K) = KA(K)|nps—np, i€ {R,A, S} (1.2.14)

D) (K) = —guN (K)|m=0, j€{R,A,S}. (1.2.15)

One major disadvantage associated with the Keldysh basis is that the vertices have more complicated
structures. There is no need to give the explicit expressions for the vertices, as we can avoid using them.
For 1-loop self energies (see appendices) we start in the (1-2) basis and obtain the corresponding expression
with Keldysh propagators using (1.2.8). For more complicated calculations (such as for two loop diagrams
or diagrams with greater than two external legs) we will use the Mathematica program described in [9] to

obtain the integral expression of the diagram.



1.3 Hard Thermal Loop Resummation

1.3.1 Introduction to HTL Resummation

Initially, calculations of quantities in thermal field theory were performed using the standard perturbative
loop expansion. However, these calculations yielded gauge dependent results for physical quantities, in par-
ticular the gluon damping rate [10], indicating that perturbation theory breaks down. This is caused by the
presence of a new dimensionful scale (the temperature). The solution to this problem is the hard thermal

loop (HTL) resummation, which entails resumming infinite sets of diagrams .

We define two different momentum scales: ‘hard’ momenta, which are of order T, and ‘soft’ momenta,
which are of order ¢7'. In a diagram, if any of the external legs are hard, then regular perturbation theory

can be applied: if all external legs are soft, perturbation theory must be reorganized.

In this section we calculate the retarded leading order HTL self energies for scalars, photons and electrons.
The leading order contribution to any diagram with all legs soft comes from the hard region of integration
of the internal loop momentum. Calculations at leading order can be done by taking the momentum in the
loop (ko, k) to be much greater than the momenta of the legs (qo, q). We will now consider three self energy
diagrams at leading order HTL in the high temperature limit and the corresponding effective propagators.
The self energies are the scalar self energy (figure 1.3), the photon self energy (figure 1.4), and the electron
self energy (figure 1.5). We will discuss the corresponding diagrams in QCD later in this section. We consider
the retarded part of the self energies and effective propagators, and from this point suppress the subscript
R. The advanced self energies follow from the substitution i€ — —ie, while the symmetric self energy can be

calculated directly from (1.2.12).

10



Y,

Figure 1.3: The scalar self energy diagram
1.3.2 Scalar Propagator

The calculation of the scalar self energy is done in appendix C1. The result is

AT

m=—. 1.3.1

Now consider the full propagator defined in (1.1.5). Each term in the sum is a factor of % times the
previous one. Since we have assumed the external legs are soft (Q ~ ¢T'), the order of each term in the series
will be the same. Thus, for soft () the bare propagator cannot be used and we must use the HTL resummed
propagator instead. Therefore, from (1.1.5), the leading order HTL propagator in scalar ¢* theory is

1

AQ) = grmr—Tr (1.3.2)

1.3.3 QED Propagators

We consider the effective photon propagator at finite temperature. From the analysis presented in appendix

B

)

Pn(@)  PL@  PLQ)
_Qg Iy Qzﬂ— I, HQ2 . (1:33)

D/W(Q) =

The calculations of II;, and Ilr, the longitudinal and transverse photon self energies, in the first order

HTL approximation, are done in appendices C2.1 and C2.2. Using w, = % (see appendix A for a list of

mass scales used in this thesis),

Q? I:QO (QO-HI-HE) }
II =32 (O (22 ) g 1.3.4
£(Q) Pg? [2¢ \qo—q+ie (1.34)
3wy T3 qQ*, (qo+q+ie
Il = %0 0¥ (% . 1.3.5
7(Q) 5 [qQ 243 n(quJﬂ.6 (1.3.5)

11



K-Q

Figure 1.4: The photon self energy diagram

K

Q Q-K

Figure 1.5: The fermion self energy diagram

Unlike the HTL scalar self energy, both (1.3.4) and (1.3.5) depend on the external momentum.

The effective fermion propagator is studied in appendix B. Using P+ (Q) = 3(v0 =7 - ¢) and the form of

the fermion self energy from (B.22) of appendix B, the effective fermion propagator is

Q) =2 (Q)y — =7 - g
2.(Q) =20(Q) £ =¥(Q)

5(Q) = A (Q)P(Q) +A-(Q)P(Q)

AQ = —— A !

g —q—24(Q)’ -(@= qgo+q—2-(Q) (1.3.6)

The leading order fermion self energy is calculated in appendix C3. Using m% = 628T 2, the fermion self

energy is found to be

my [1. (g0 +q+ie G, (o +q+ie
Y(P)=—LE|-In| ———— —|=In{ ———— | —1{¢-79]. 1.3.7
B=- [2 (qo—q+ze>70 {2q <CIO_Q+ZG> }q 7} (13.7)
The calculation of the QCD gluon self energy is similar to the photon self energy. However, in addition

to the calculation of the diagram in figure 1.4, there are three additional diagrams: the gluon tadpole (figure

12



1.3 with gluon lines replacing scalar lines), the diagram in 1.4 with the quark loop replaced with a ghost
loop and the diagram with the quark loop replaced with a gluon loop. The quark self energy is given by
(1.3.7) up to a constant. In QCD the ghost self energy must also be considered. It is given by a diagram
similar to figure 1.5 but with the fermion lines replaced with ghost lines. We will show in the next chapter

that the bare ghost propagator is sufficient in leading order HTL resummation.

1.4 Physics from HTL Resummation

Physical information can be extracted from the poles of the resummed propagator. The propagator represents
the probability amplitude of a given mode, and when the denominator of the propagator is zero the propagator

blows up, indicating that the mode is dominant.

1.4.1 Photons in a Plasma

The poles of the photon propagator are given by the following equations:

Q* — 7 (Q)lgo=cor (@) +ivr () = 0

Q% — L(Q)lgo=wr (a)+iv2 (a) = O (1.4.1)

where II;, and IIp are given in (1.3.4) and (1.3.5). The real parts of the poles are wy, r(q) and give the
dispersion relations of the longitudinal or transverse waves traveling in the plasma, and the imaginary parts
of the poles v, 7(g) give the corresponding damping rates for waves of that mode. Assuming 2 << 1, (1.4.1)

gives

W%,T(Q) = ¢* + Rell, 7(q0) = wr,r(q), q)
1

2wL7T

yo,1(q) = — ImIlz 7(q0) = wr,7(q), 9)- (1.4.2)

13



The equations in (1.4.2) cannot be solved analytically, but approximate solutions for the frequencies wy,

can be found in the limit of large and small q. They are:

g<<m: Wi, R w

22, 2
q>>m: szq<1+2eXp<—3qP>>

Wi~ g? 4 Sl (1.4.3)
The corresponding residues for ¢ >> m are

(1.4.4)

Note the following:
1) For ¢ — 0 the longitudinal and transverse mode frequencies are identically w, = % Therefore, for small

3-momenta ¢ the two modes cannot be distinguished from one another.

2) For large ¢ longitudinal modes decouple (see 1.4.4), and as a result only transverse modes will be present
[6]. Note that at zero temperature only transverse modes are present, which makes sense since the low
temperature and high momentum limits should be equivalent.

_ e*r?

3) At large ¢, the transverse modes have an effective mass mo, = “5—.

4) The leading order damping rate is zero, as the imaginary parts in (1.4.2) vanish because wr r(¢) > ¢ for
all g. From the definition of the photon self energies in (1.3.4) and (1.3.5), the only way the result will have
an imaginary part is if the argument of the logarithm is less than zero; the condition is go < 0. However,
from (1.4.3) we see that for large momentum the transverse and longitudinal plasma frequencies are always

greater than ¢. Since gy — wr,, there is no damping rate in leading order HTL.

14



We can also discuss static screening. The static limits of the self energies Il r are

m% =Tg(g=0,q = 0) = 3w127

m% =Tr(g = 0,q — 0) = 0. (1.4.6)

Consider a charge Q placed in a medium. The potential felt by this charge is obtained by the Fourier

transform of the static propagator Dgo(0, q):

d3q elar Q mp Q@ _x
V(r)= Q/ G T o g = 0) —e =_er (1.4.7)

The result here is the standard representation of a screened potential [11]. The quantity r’ is called the
deBye radius, and using (1.4.6) it is given by

1 1
= — ) 1.4.8
mEg \/gwp ( )

Physically this result corresponds to the screening of a static electric field. There is no screening of static

magnetic fields due to the fact that the static limit of the transverse self energy vanishes.

1.4.2 Fermions in the Plasma

Next we will look at the fermion modes. The fermion self energy in the HTL approximation is calculated in
appendix C3.

The HTL fermion propagator has the form

S(@) = 384(@0 —7-0) + 5D (@0 +7-4) (1.49)
where
2LQ) = ——
* R R (a))
m2 i€ -1
= <q0 Fq- 2—; {(1 ¥ qqo)ln[w} + 2]) . (1.4.10)

The dispersion relations for fermions are defined analogous to (1.4.1):

qo —q — Z+(Q)|qo:w+(Q)+i7+(Q) =0

90 + ¢ — X-(Q)lgo=w_(q)+ir—(q) = 0- (1.4.11)
15



From (1.4.9), when the denominator of A tends to zero the corresponding mode that dominates is the

one that satisfies 79 — v - ¢ = 0, and when the denominator of A_ tends to zero the corresponding mode

that dominates is the one that satisfies v9 + - § = 0. The former condition indicates a positive helicity over

chirality ratio, while the latter indicates a negative helicity over chirality ratio. Analogous to (1.4.2), we find

that
wl(g) = ¢* + ReXi(qo = w(q), q)
1
v+(q) = *TImEi(QO =w+(q),9).
W
From [6],
2
q>>m uJ+(61)MJ+TF
2q 2¢*
w-(q) ~q+ » eXp<— m%>
1
qg<<m wi(q)zmpigq.

The residues are

Note the following;:

(1.4.12)

(1.4.13)

(1.4.14)

(1.4.15)

(1.4.16)

1) In the vacuum, only fermions with a positive helicity over chirality ratio are present. Equivalently, when

the fermion mass approaches zero, the chirality operator approaches the helicity operator, leading to a ratio

of +1. Similar to the longitudinal photon case, the residues of the negative ratio modes tend to zero exponen-

tially (decoupling from the medium) (see 1.4.16). This is seen in the plasma frequency at large momentum

(g >>m).

2) Introduction of the heat bath allows the negative helicity to chirality ratio states to propagate.

3) In the limit m >> ¢ the positive and negative states are indistinguishable.
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4) Similar to the case of photons, the imaginary part of the leading order fermion self energy vanishes.
This occurs because the plasma frequencies in (1.4.13) are always larger than g, thus there is no way the

argument of the logarithm of (1.3.7) can be negative.
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Chapter 2

Power Counting at Leading Order

Power counting arguments allow us to determine the order of a given diagram without having to do extensive
calculations (such as those performed for the photon and electron self-energies in appendices C2 and C3).
In this chapter we consider power counting at leading order in QCD. Note that the rules we develop can
be extended to scalar theory and QED. In the first section we consider diagrams that contain only 3-gluon
and quark-gluon vertices and develop basic power counting rules. We then consider the 4-gluon vertex and
ghost lines. Diagrams with a 4-gluon vertex do not contribute in leading order HTL with one exception (the
gluon tadpole). Similarly, there are no HTLs for diagrams with external ghost lines, and at soft momentum
we can use the bare ghost propagator. In our notation, K represents a hard momentum (of order T') and @

represents a soft momentum (of order g7T').

18



2.1 Power Counting with 3-Gluon and Quark-Gluon Vertices

In this section we will only consider diagrams consisting of 3-gluon and quark-gluon vertices. The Feynman

rules for these vertices are given in [6]. We use the following notation:

Number of vertices = v

Number of 3 gluon vertices = vg
Number of quark gluon vertices = vp
Number of propagators = I

Number of gluon propagators = I'g
Number of quark propagators = Ir
Number of external legs = FE
Number of external gluon legs = Fp

Number of external quark legs = Ep. (2.1.1)

Using (2.1.1) the standard topological constraints are [12],

E

E
m=1- v+1, 20+E=Y ku (2.1.2)
k=3 k=3

where m is the number of loops and vy is the number of k-point functions. For 1-loop diagrams with only

3-leg vertices, (2.1.2) gives
I=v=E. (2.1.3)

Consider a 1-loop diagram with F external momenta labeled Q;(i = 1,2...) and I fermion propagators.
To find the order of this diagram we follow these steps:
1) Obtain an expression for the diagram in terms of the elements of the matrix propagator in (1.2.2), (1.2.3)
and (1.2.4) and using vertices in the (1-2) basis (1.2.5). Convert the (1-2) propagators to Keldysh propaga-
tors using (1.2.8).
2) There are I terms in the sum, each containing a single symmetric propagator with a different argument.

For each term, shift the loop momentum so that all symmetric propagators now depend only on the loop
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Figure 2.1: Terms in the integrand of a 3-point function after shifting so that all symmetric propagators

have the same argument.

momentum K. For example, if the argument of the symmetric propagator is K + Z'Z:1 Q;, make the shift
K— K- 25:1 Q;. This is illustrated for a 3-point function in figure 2.1.

3) Each additional propagator with argument K + >\, Q; — 25:1 Q; appears to contribute a factor

e Q_li — o7 However, any K? terms in the integrand vanish upon performing the ky integration
i=1 Wi j=1%i

2 : 1 -
due to the presence of the 6(K*) factor from the symmetric propagator (1.2.9). Thus, (7SS SoTE SR R

1
K'(Zle Qi*z;':1 Q]) ’

4) Quark propagators have a similar structure to gluon propagators except for multiplication by an operator
in the numerator (1.2.14). Since we are only concerned with the leading order result, we can neglect any ex-
ternal momenta in the numerators of quark propagators, thus each quark propagator produces an additional
factor of K.

5) Similarly, a 3-gluon vertex contributes a factor of K relative to a quark-gluon vertex.

The results can be summarized as follows:
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Figure 2.2: The different ways to add a gluon leg to an arbitrary diagram in QCD (note that D is discussed

in the next section).

symmetric propagator ~ §(K*)Np 5 (ko)
tri t 1
non — symmetric propagators ~ ——
y propag %0
numerator of quark propagators ~ K

3—gluon vertices ~ gK

quark — gluon vertices ~ g. (2.1.4)

Using (2.1.4), the integral expression for an arbitrary diagram is

K1r+ve
r /d‘*KWNF/B(kO)&(K )
v+IF vE
~g /d4 (e a1 Vs k)3 (2.1.5)

where in the last line we used (2.1.3). We deduce the order of I starting from (2.1.5) step by step:

1) Use the delta function of the symmetric propagator to integrate over dkg:

N k vt+lp—vp
I‘Ng”/d?’k 5/r (k) b .
koo (kQ)H

Note that when the kg integration is done, K - Q = kogo —k-q¢— >, _14 (nk;qo —k- q) ~ kQ.

2) Substitute [d®k ~ [ dkk? and use [dkk"Np,p(k) ~ T (A.7):

vtlp—vp
I ~g" [ dkkNgp(k)——=t
o | ke ) s

~ nglfv/dkkfF*”F”NB/F(k) o g'QI T T vr S, (2.1.6)
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Figure 2.3: Constructing an arbitrary diagram in QCD.

Now consider the relative order of the diagrams in figure 2.2. To get figures 2.2B and 2.2C we added a
gluon leg to 2.2A, but connect one to a quark propagator and the other to a gluon propagator. The result is
that, compared to figure 2.2A, figure 2.2B has an additional quark propagator and an additional quark-gluon

vertex, and figure 2.2C has an additional gluon propagator and 3-gluon vertex. Using (2.1.4):

2.2B ~ gKLQ(zm)

2.2C ~ gK 2.2A)

5
K-Q

—~2.2B ~2.2C ~ %(2.2/1). (2.1.7)

From (2.1.7), we can conclude that in terms of the order of a diagram, it is equivalent to connect an external

gluon leg to a quark propagator or a gluon propagator. For simplicity we will now assume that we always

attach external gluon legs to quark propagators.

Now we want to use our power counting arguments to get the order of a diagram in terms of external
variables. A 1-loop diagram with Fr and Ep external fermion and gluon legs can be built in the following
manner (see figure 2.3):

1) Construct the diagram with Fr quark legs and no gluon legs. Each pair of quark legs contributes a quark

propagator, a gluon propagator and two quark-gluon vertices. For Ep = 0,
’UF:EF, IF:IB'Zi. (218)

2) Connect Ep external gluon legs to the quark propagator. Every external gluon leg contributes an addi-
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tional quark propagator and quark-gluon vertex. Thus we have in general

1 E
vp = Erp 4+ FEp, IF=§EF-|-EB7 IBZTF. (2.1.9)

3) Substitute (2.1.9) into (2.1.6):
Thpso ~ g7QU PT3 " ~ TP 3Er (2.1.10)

where in the last line we used @ ~ g7

Now we explain the subscript in the first line of (2.1.10). It is important to note (2.1.10) is not correct
for diagrams with propagators with all the same statistics, as these diagrams result in integrals in which the
leading order term vanishes. To see how this happens, we consider one example in detail. The photon self

energy is given by

T(P) g / PR S (K S(K + Q)]

Nr(ko)d(K?) n N (ko + qo)d((K + Q)2)>
(K +Q)? K2

o g? / d*K Ko KpTry"yy"") (

O(gQ/d4K(KH(K+Q)V +KV(K+Q)H _guuK . (K+Q)) (NF(kO)5(K2) + NF(kO +QO)§((K+Q)2)>

(K +Q7 e
2 4 o v v wo__ v A NF(kO)é(Kz)
PN v e o ey NE(Ro)S(K?)
K= QPR+ (K - Q* (5 - Q) KR | (2.1.11)

Taking the leading order terms of the numerators of (2.1.11),

" (P) o o / A K Np(ko)S(K?) 2K K — g K] [(K : QP (K - Q)Q} '

Following the strategy outlined in section 2.1, K? = 0 due to the delta function and we neglect the Q2 terms

in the denominator because they are subleading. We obtain

K*KYNp(k) 1 1
™ (P)xg® [ K S 2 d = —0. 2.1.12
( )0(9/ n:zﬂ:l k nkq —k-q nkqg —k-q 0 ( )

Thus, the term that would give us the order predicted by (2.1.10) vanishes, and the true leading order term

is a factor of g smaller. We call this additional factor of g the statistical suppression factor. This cancellation
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occurs in any diagram with no external fermion legs. The cancellation is proven for an n-gluon vertex in
appendix E, and occurs for quark, gluon and ghost loops. We can adjust the power counting rules given in
(2.1.10) by multiplying by a factor of g°#r°, which is equal to g for Er = 0 and 1 for Er # 0. Including this

factor, (2.1.10) becomes

I~ gFgdEroQi-E3—3Fr

~ ggoEroTA=E=7F (2.1.13)

where we have used @) ~ g7 in the last line.

An exception to (2.1.13) specific to QED is Furry’s theorem, which states that diagrams with an odd
number of external photon legs vanishes. A proof of Furry’s theorem is included as appendix I. Note that

Furry’s theorem is not a result of HTL and is valid in zero temperature field theory.

2.2 4-Gluon Vertices and Ghost Contributions

In this section we will discuss power counting involving 4-gluon vertices and ghost lines.

The 4-gluon vertex is proportional to g2 [2]. We can construct diagrams with a 4-gluon vertex by adding
an external gluon leg to a 3-gluon vertex. This is shown in figure 2.2 D. Consider the orders of the diagrams
in figures 2.2 B and D relative to A by applying the power counting rules defined in (2.1.4). In figure 2.2 B
there is an additional 3-gluon vertex and a gluon propagator relative to A, and in figure 2.2 D there is an

additional 4-gluon vertex and one less 3-gluon vertex than in A:

gK

22B ~ I~
KQ

(2.24)

92
2.2D ~==(2.24
I 224)

2.2D PKQ KQ
2.2B 2Kk2 k2 Y

- 22D ~g(22B). (2.2.1)
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Figure 2.5: Diagrams in QCD involving ghosts.

Thus, we see that diagrams with a 4-gluon vertex are suppressed by a factor of g relative to the corresponding
diagrams with two 3-gluon on quark-gluon vertices instead. Therefore, when comparing diagrams with the

same numbers of external lines Fr and Ep, diagrams with 4-gluon vertices are subleading.

There is one exception to the above analysis, and that is the gluon tadpole (figure 2.4A), which contains
a 4-gluon vertex and contributes at the same order as figures 2.4 B and C. There is a factor of g from the
4-gluon vertex in the tadpole relative to the other gluon self energy diagram, but there is no statistical
suppression factor because there is only one propagator. In contrast, in figures 2.4 B, C and D, which do not
contain a 4-gluon vertex, all propagators in each diagram obey the same statistics, and as a result there is
a statistical suppression factor. Thus, all four diagrams in figure 2.4 must be considered when determining

the gluon self energy.

We now consider diagrams with ghost lines (see figures 2.5 A, B and C for examples). Consider the ghost
self energy (see figure 2.5A). The bare ghost propagator is given in [2]:

5ab
T P21
25

G(P) (2.2.2)



The ghost self energy will contribute at leading order in the HTL resummation if it is proportional to the
inverse propagator at soft momentum, G~1(P) oc g?T2. The ghost vertex is proportional to the incoming
ghost momentum [2]. Therefore, the combination of the two ghost-gluon vertices will contribute a factor of

order g2 K(Q. The ghost self energy is given by

QK Np(ko)

32
0 T2 (2.2.3)

ghost self energy ~ g x ¢? / d*K

The first ¢g in (2.2.3) is the statistical suppression factor because ghost and gluon lines both carry boson
distribution factors. As a result, when constructing the effective propagator from the Dyson equation, even
at soft momentum the ghost self energy correction will be suppressed by a factor of g relative to the bare
inverse propagator. Therefore, the ghost self energy does not contribute at leading order HTL and we can
use bare ghost lines. A similar argument indicates that the 1-loop diagram for the ghost-gluon vertex is
subleading relative to the bare ghost-gluon vertex for soft momentum. Therefore, diagrams with external
ghost lines do not contribute at leading order. However, diagrams with internal ghost lines and no external
ghost legs do contribute at leading order HTL, as at each vertex the incoming momentum is always hard.

An example of this is the gluon self energy (figure 2.4 D).

2.3 Determining the Dimensionless Order of a Diagram

The dimensionless order of a diagram is determined in the following manner: if the order of a diagram
obtained from (2.1.13) is ' ~ ¢®T"%, we divide the result by (¢7)? to obtain I' ~ g®~#. Consider diagrams

with different numbers of external fermion lines:
pr:O ~g X gEQl_ETg Ng2T4_E _>gE—2
fEF:2 ~ QEgl—ETQ ~ gTS—E — gE—2
fEF:4 ~ Qngl—nT ~ gT2—E N gE—l

Tppsn ~ gFQ\-ET3-E-3Fr  g4-F—3Fr _, (F+3Fr—3 (2.3.1)

Thus we see that diagrams with Fr = 0 and Er = 2 are the same order while diagrams with Er > 4
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QCD QED Scalar ¢* Theory

3-gluon vertex none none

4-gluon vertex none 4-scalar vertex

quark-gluon vertex | electron-photon vertex | none

quark propagator electron propagator none
gluon propagator photon propagator scalar propagator
ghosts none none

Table 2.1: The power counting equivalent quantities in QCD, QED and scalar theory.

are of higher order. Therefore, only diagrams with Er = 0 and Er = 2 contribute at leading order [6].

2.4 Conclusions

The following conclusions can be made from the preceding sections on power counting:

1) Diagrams containing 4-gluon vertices do not contribute at leading order except for the gluon tadpole

2) The bare ghost propagator can be used in leading order HTL, and diagrams with external ghost lines do
not contribute

3) Only diagrams with zero quark legs and two quark legs contribute at leading order

4) The leading order term of a diagram is given by (2.1.13):
T~ g x g5EF(]g’UQ17’UT37%EF ~ gl+5EF0T47E7%EF'

These results can be extended to scalar theory and QED. The analogous quantities are outline in table

2.1. Analogous quantities follow the same power counting rules.
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Chapter 3

Hard Thermal Loop Resummation at

Next-to-Leading Order

Up to this point, we have only looked at diagrams at leading order, where we are taking the leading order
of the momentum ratio % The NLO case is more complicated: reference [1] identifies three potential
contributions. However, it is known that inclusion of all three of these terms overestimates the NLO result.
The primary goal of this thesis is to develop a set of rules that will accurately identify the diagrams that
contribute at NLO. We consider the boson and fermion self energies, as both the real and imaginary parts

of these quantities have been studied in great detail and obey simple symmetry relations (see appendix F).

f ipi\j ? M
> 3 0 >
) (B) (©)

(A

K

Q

Figure 3.1: Examples of the three different diagrams that contribute at NLO for the fermion self energy. In

the second diagram the dots represent effective propagators and vertices.
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3.1 Naive NLO Power Counting

In the leading order calculation, there is only one type of term that contributes: the one loop diagram with
hard internal momentum expanded at leading order % According to [1], there are three different types of
terms that can contribute at NLO (see figure 3.1). We will use the power counting arguments of (2.1.10) to

estimate the order of these terms for £(%) in the limit ¢ — 0. For %(%)(go,0), the three terms are:

1) (1 loop soft) represents the one-loop diagram with soft internal momentum and requires the use of
effective propagators and vertices (constructed from the leading order results). The (1 loop soft) diagram for
the fermion self energy is given in figure 3.1B. We consider only the term with the boson statistical factor
since it will be the largest at small momentum due Bose enhancement (see A.6). For a soft static fermion
the integrand is constructed from the following pieces:

i. g% from two effective vertices.

2
ii. %{i(@i) from the propagators. Note that the retarded/advanced propagator is actually of order

(P+Q)?, but the P? term vanishes due to the presence of the delta function from the symmetric propagator.
The @Q? term is of the same order as P - Q) since both P and @ are soft.
iii. pg + qo from the numerator of the fermion propagator.

Constructing the integral from the contributions above and using the soft limit of Ng(p) in the fourth line:

(Po + o) N5 (po)d(P?)
2P-Q+Q?
2 [ 3 Ne(p)
g | d°p o)
92
~0 dppN(p)
g°T

Q

~ QQTQ(QT) ~ g*T ~ g(LO) (3.1.1)

(1 loop soft) ~ 92/d4p

where we have used the fact that the leading order term is

(LO)ZV(go,0) ~ gT (3.1.2)
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To do the pg integration we used (A.15). Note that this result could have been found through simple di-
mensional analysis: a factor of Q ~ gT for the dimensions, g2 for the vertices and é from Bose enhancement

gives g>T.

2) (1 loop hard correction) represents the one-loop diagram with hard internal momentum expanded to
the next order of % The (1 loop hard correction) diagram is figure 3.1 A with the inclusion of NLO %
In the leading order calculation we neglected terms that were of order (%)2, (%’)2 and %%: the (1 loop
hard correction) term includes these in the calculation. Consider again a soft static fermion. The integrand
contains:

i. g% from the two vertices.

ii.

Np(ko)d(K?) x Np(ko)d(K?) x Np(ko)d(K?) ~ Np(ko)d(K?) (1

— 90
2K-0102 Thao 142 Fqo (1L+ 12 Fdo 2k) comes from the propagators. Note that

instead of just taking the leading order term of the denominator, we have expressed it as a power series in
40 using the geometric series, and truncated the result after two terms. As in the (1-loop soft) case, the K 2
term of the advanced/retarded propagator vanished due to the presence of §(K?).

iii. kg 4+ go from the numerator of the fermion propagator K + .

Constructing integral from the contributions above yields

2
(1 loop hard correction) ~ 92/d4k(k + qo) (1 — @)w
2k k‘qo
Np(k)
~ g | Bh(k+q)(1— )5
g / (k+20) (1= 30) Tz
Np(k
~g2/dk(k+q—0)£. (3.1.3)
27 q
The leading order term of (3.1.3) is
g
(LO) ~ L [ dkkNp(k)
do
22
I (3.1.4)

qo

The result of (3.1.4) is in agreement with the result given in (3.1.2). The NLO part is
(NLO) ~ gQ/dk;NB(k:) ~ ¢*T ~ g(LO). (3.1.5)

This is the same order as the (1 loop soft) contribution in (3.1.1).

3) (2 loop hard) represents diagrams consisting of 2 loops, both with hard internal momentum. An example
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of a (2 loop hard) diagram for the fermion self energy is given in figure 3.1C. The integrand contains:

i. g* from the quark-gluon vertices

N (ko) N (po)d(K2)é(P>

ii. (K-0)(P-Q)(PK) ) from the propagators. Note that any K2 and P? terms from the retarded /advanced

propagators vanish due to the presence of the two delta functions. The Q2 terms are neglected because they
are subleading.

iii. koP - K and similar terms from the numerators of the fermion propagators. There are terms in the trace
that vanish due to factors of K?2.

Constructing the integral from the contributions above yields

2 2
(2 loop hard) ~ g /d4 /d4 (KoK - PKN]ZQ()k(Oj)DNg()( )5(K) )o(P?)

iy /d3 /d3 kNB (p)
-5 / dk / dpkN 3 (k)N (p)

4
g .
~ @Td ~ ¢°T ~ g(LO). (3.1.6)

Thus we see the orders of (3.1.1) (1 loop soft), (3.1.5) (1 loop hard correction) and (3.1.6) (2 loop hard)
are all equal and of order g(LO). Therefore, naive power counting predicts that all three of the types of
terms discussed in [1] contribute at NLO. Similar arguments can be made for the imaginary parts of the
diagrams. However, specific calculations reveal that some of these diagrams do not contribute at NLO. Our

goal is to develop a set of rules that allows us to determine immediately which diagrams will contribute at

NLO and which are subleading.

3.2 Summary of Explicit Results

In this section we will study the NLO fermion and boson self energies in the real time formalism. The
motivation is to understand why the arguments presented in section 3.1 overestimate the NLO results and
use this information to obtain more precise power counting rules. Some details of the calculations can be
found in appendices at the end of this thesis. Note that when the fermion self energy is decomposed into the

form of (1.3.6) the real and imaginary parts of the two components »©) and £(*) obey opposite symmetry
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relations. When we discuss the NLO fermion self energy, we will specifically be discussing the 2(9) component
since the term with (*) vanishes for ¢ — 0. A summary of the results from other papers is presented in

table 3.1. In the following sections we discuss the results in greater detail.

3.3 Refined Power Counting

3.3.1 (1 loop hard correction) Terms

The (1 loop hard correction) terms of the fermion and boson self energies are calculated in appendix H.
In both cases it is found that these terms are of order g?(LO), and not g(LO) as predicted in (3.1.5). It
is straightforward to see why one always obtains a factor of g? relative to the leading order result. From
appendix F, the real parts of the boson and fermion self energies are either even or odd under gy — —qqo-
Consider the calculation of the (1 loop hard correction) term of the NLO fermion self energy described in
section 3.1. We see that the leading order term (3.1.4) is odd in go, as it should be. However, in (3.1.5), the
NLO contribution is even in gg. Therefore, this term must cancel, and in fact a complete calculation shows
that it does (appendix H). A similar argument can be made for the (1 loop hard correction) term of the real
part of the boson self energy. Therefore, the (1 loop hard correction) terms for the real parts of the boson

and fermion self energy are g?(LO) and not g(LO) as predicted previously in this chapter.

Due to kinematic constraints, the imaginary part of the (1 loop hard correction) is identically zero. When
the imaginary parts of the self energies are calculated, we obtain the difference between the retarded propa-
gator and advanced propagator in the integrand, which gives a delta function that sets a condition k ~ gy,
a contradiction for hard loop momentum k >> gg. As a result, there is no expansion, and the integral can
be calculated exactly. In the limit ¢ — 0 the leading order part is zero, same as the HTL. The argument is
the same as that presented in chapter 1. From (1.3.4), (1.3.5) and (1.3.7), there will only be an imaginary
part if the argument of the logarithm is negative. The condition for this to occur is Q? < 0. The only way

this condition is satisfied is if ¢ > |qo|, which cannot occur for ¢ — 0.
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Quantity | Term Result References

Re 11, LO g*T? 6]
(1 loop soft) g*T? [13]
(hard 2 loop) giT? [13]
(hard 1 loop correction) | g*T? [13]
Re II, LO e2T? 6]
(1 loop soft) eAT?
(hard 2 loop) etT?

(hard 1 loop correction) | e*1

ImI, |LO 0 (6]
(1 loop soft) g3 T? [14], [15]
(hard 2 loop) g*T? [13]

ImIL, |LO 0 (6]
(1 loop soft) e5T21n<i> [14], [15]
(hard 2 loop) 65T2ln<i> [16]

Re LO gT [6]
(1 loop soft) g*T [17]
(hard 2 loop) g3T [18]
(hard 1 loop correction) | ¢g3T [19]

Im ¥ LO 0 (6]
(1 loop soft) g’T [18]
(hard 2 loop) g'T [17]

Table 3.1: A list of the results for the real and imaginary parts of the NLO boson and fermion self energies.
I1, is the gluon self energy and II, is the photon self energy. Note that logarithms were neglected when the

corresponding terms were subleading relative to the NLO result.
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[ ——

A ; B

Figure 3.2: T'wo loop diagrams can be constructed to correspond to an effective vertex (A) or a self-energy

insertion (B). The dotted boxes contain the insertions.

It is important to note that the calculation of the imaginary part of the fermion and boson self energies
in this manner (where the loop momentum is restricted to be soft) gives the leading order imaginary fermion

and boson self energies, and are found to be of order ¢>T and ¢g*T? respectively.

3.3.2 (2 loop) Terms

In this subsection we discuss potential contributions from (2 loop hard) diagrams to the real and imaginary
parts of the NLO boson and fermion self energies. In section 3.1, naive power counting rules predicted
that the (2 loop hard) diagrams are of order g(LO). However, calculations indicate that the (2 loop hard)
diagrams are actually of order g?(LO). The easiest way to understand this is to note that the result of the
parity of (%) is odd in g, a result that contradicts the result of (3.1.6), indicating that a cancellation should
occur. In this section we discuss the details of this cancellation. There are two ways in which (2 loop hard)
diagrams can be constructed:

1) An additional propagator is added to the diagram such that it separates the external legs, as in figure 3.2
A. In this diagram we treat the loop on the right hand side as an effective vertex. However, since the loop
momentum is hard and the external momenta are soft, two of the legs of the vertex will be hard, and the
other one will be soft. Therefore, the insertion is not an HTL vertex, and instead has order ¢g>. As a result,

two-loop diagrams that correspond to vertex insertions are of order g2(LO).
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2) An additional propagator is added such that it does not separate the external legs, as in figure 3.2 B. We
treat the top loop as a self energy insertion. The additional factor relative to the one loop diagram appears

to be

S(K+QK+@)  kx(k) g*T?

~

K-Q K-Q  gT2

~g. (3.3.1)

Using (3.3.1), we expect the order of the diagram in figure 3.2 B to be g(LO), in agreement with the result
in section 3.1. A similar argument can be made when the boson self energy is inserted. We will show that
the leading term in (3.3.1) actually vanishes, and as a result the (2 loop hard) diagrams are of order g?(LO)
and subleading relative to g(LO). Note that the insertions ¥(ko, k) and II(kg, k) are not the leading order
HTL self energies that we derived in (1.3.4), (1.3.5) and (1.3.7), as the momentum components ko and k are
hard. However, the insertion is of the same order and will have the same Dirac or Lorentz structure as the
HTL self energy: the fermion insertion can be written as scalar functions times 9 and 7 - lAc, and the boson

self energy insertion obeys the Ward identities. Both insertions obey the symmetry relations of appendix F.

Using figure 3.3 A and taking ¢ — 0, the leading terms are

1 \2
2O (go) ~ g2 / d*kNp (k) Tr[yov" Kv" 1T, (K)5(K?) (IM)) ~ ¢*T ~ g(LO). (3.3.2)

The trace of (3.3.2) gives terms proportional to
kog"”, K"g”°,  K"g". (3.3.3)

The first term vanishes upon k( integration using the fact that II is even, and the last two go to zero due to
the Ward identity. Thus, this diagram is not of order g(LO) but instead of order g?(LO). Now consider the

leading order term of figure 3.3 B:

5 (go) ~ ¢ / d*K Np (k) Tr[yov, K Z(ko,k)Ky“]é(K2)<]%1qO> ~ g(LO). (3.3.4)

First consider the insertion of 7o) (ko, k) for £(ko, k): the trace contains terms proportional to k¢ and K2.

Given that £ (ko, k) is odd in ko (F.1), (3.3.4) vanishes upon kg integration. There is a similar cancellation

ki-K

2
for a X(*)(ko, k) insertion, as from the trace we get ror~ times the results for the ¥ insertion. The

change in parity of the trace terms cancels the change in parity from X(©) — %(*) and as such the result
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Figure 3.3: The two loop diagrams with self energy insertions that may contribute to the NLO fermion self

energy. The boxes highlight the self energy insertions.

is odd in kg and vanishes upon integration. Therefore, for the fermion self energy (2 loop hard) diagrams

containing self energy insertions contribute at order g2(LO), not g(LO) as predicted through power counting.

Now consider the 2-loop diagrams in the boson self energy that correspond to self energy insertions.

Starting with figure 3.4 A and taking the leading order term,

g d%NF(k)Trmmxmko,k)Kw(K?)(kolqo> (Z) ~ T2~ g(10).  (33.5)

The last factor is the statistical suppression factor. The statistical factor of 2-loop diagrams is not obtained
in the same manner as in 1-loop diagrams. The statistical factor combinations we end up with for 2-loop

boson self energy diagrams have the form
Ng (ko) — Np(ko + qo) (3.3.6)

and a similar one for fermions. We find that (3.3.6) is proportional to gy X %n (ko). This is where the
statistical factor appears. We decompose the self energy into the form of (1.3.7). For the %) (kq, k) term,

the elements obtained from the trace are:
K’koguw, K290uK.,  K’gou K., koK, K,. (3.3.7)

The first three terms of (3.3.7) vanish due to the presence of K2, and the last term vanishes upon kg integra-

tion since B9 (ko, k) is odd in ko. For the X(*)(kg, k) term, the elements obtained from the trace are (3.3.7)

2 2
multiplied by (kok_ikf) These terms appear to change parity, however since £(9) and 2(*) have the opposite

parity the result is still odd in kp and as a result vanishes upon kg integration. Therefore, figure 3.4 A is of
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DS

Figure 3.4: The two loop diagrams with self energy insertions that may contribute to the NLO boson self

energy. Note that all three are possible for gluons, but only (A) has a photon counterpart.

order g?(LO) and not g(LO).

Now consider figures 3.4 B and C. Now there are 3-gluon vertices, which have a more complicated struc-
ture than the quark-gluon vertices we dealt with before. Let ;1 and v be the external indices of the diagram
and « and S are the indices of the insertion. There are three main types of terms we get:

1) guaK 3K, vanish due to the Ward identity.

2) gmggl,K2 vanish upon kg-integration.

3) K, K, g do not immediately vanish like the other two types of terms. However, this term vanishes when
we take the longitudinal and transverse components of II,,,,. The (00) component and the trace also vanish.
These are the quantities that contain the physics of the self energy, thus for our purposes the g(LO) term of

this particular term from the trace vanishes.

Therefore, for the boson insertions into boson self energy diagrams, the supposed leading order result
obtained by power counting vanishes, and the order of the diagram is g?(LO).

We conclude that the real parts of the two loop diagrams for the self energy are all of order ¢g(LO) and

not g(LO).

The imaginary parts are an order g times the corresponding real quantity due to the restriction of phase
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space from an additional delta function. In conclusion,

Rell(2 loop hard) ~ g*T?
ImII(2 loop hard) ~ ¢°T*
ReX(2 loop hard) ~ ¢3T

Im¥ (2 loop hard) ~ ¢*T. (3.3.8)

In (3.3.8) we have neglected any logarithms that may appear. We will discuss the consequences in the next

section.

3.3.3 (1 loop soft) Terms

In this subsection we consider (1 loop soft) terms for the real and imaginary parts of the boson and fermion
self energies. In calculations of quantities with hard inner momentum, the only available scales are gy and
T. However, for 1-loop soft diagrams effective propagators and vertices are used, and as a result two new
scales, the effective boson and fermion masses, appear. This makes the development of power counting rules

more difficult.

Consider the imaginary parts of (1 loop soft) diagrams. Recall that for hard loop momentum, the imagi-
nary part of the diagram is subleading by a factor of g relative to the real part. The reason is that the delta
function that arises in the imaginary part leads to a restriction of the loop momentum to a soft range of
phase space. However, for (1 loop soft) terms the loop momentum is already soft, thus there is no additional
power of g. This result is not surprising for diagrams with hard loop momentum, as the parity of the real
and imaginary parts of the diagram with respect to ¢ are different (appendix F'). Since there are no other
soft scales the imaginary part must contain a factor of 4 relative to the real part. However, for soft loop

momentum there are additional soft scales (the effective fermion and boson masses), and as such the parity

can be changed without changing the overall order of the diagram through a factor of order mqoff ~ 1, where

me sy represents an effective mass (either boson or fermion) and shows up in the integral though the use of

effective propagators and vertices. Hence, we expect the (1 loop soft) terms for the real and imaginary parts
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of the self energy to be of the same order.

For the NLO fermion self energy, the real and imaginary (1 loop soft) terms are calculated in [18] and
[17]. We describe here the process in which the (1 loop soft) integrands are obtained:
1) Apply Feynman rules to get the integrand expression for the 1-loop soft diagrams with effective propaga-
tors and vertices. Explicit expressions for the HTL propagators can be constructed from the Dyson equation
and corresponding self energies (see appendix D).
2) Discard terms that vanish due to the longitudinal and transverse propagators being 4-dimensionally trans-
verse.
3) Terms that contain HTL vertices can be simplified in the following three ways:
i. All vertex components can be written in terms of retarded components using the KMS conditions.
ii. Some terms contain vertices that, upon contraction with leg momenta, can be rewritten in terms of HTL
self energies using the Ward identities.
iii. Remaining vertices can be calculated in the HTL approximation in a manner similar to the calculation
of the HTL self energies (see appendices C2 and C3).

The relationships used in (i) and (ii) can be found in the appendix of [17].

It is found that the real and imaginary parts of the (1 loop soft) diagrams for the fermion self energy
are both proportional to T ~ g(LO), as expected from our naive power counting arguments. Dimensional
analysis would have provided the same result, as we have g from the vertices, g7 from the dimensions of

the diagram and % from Bose enhancement.

Similarly, the real and imaginary parts of the (1 loop soft) diagrams for the gluon self energy are cal-
culated in [13] and [14]. Recall that there are four 1-loop diagrams for the gluon self energy: the diagrams
with gluon, quark and ghost loops, and the gluon tadpole. The quark loop is subleading: the diagrams with
boson propagators will dominate due to Bose enhancement for soft loop momentum. The (1 loop soft) gluon

self energy is found to be of order g3T? ~ g(LO). This result could be obtained from dimensional analy-
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sis, as we have g2 from the vertices, (¢7')? from the dimensions of the diagram and % from Bose enhancement.

To summarize, for fermions and gluons the (1 loop soft) diagrams give contributions of order (see table

3.1)

ReX ~ Im¥ ~ ¢?T ~ g(LO)

Rell, ~ Imll, ~ ¢*T? ~ g(LO). (3.3.9)

Comparing the results of (3.3.9) to the results for the (1 loop hard correction) and (2 loop hard) terms,
we conclude that for the real and imaginary parts of the fermion and gluon self energies the (1 loop soft)

diagrams give the full contribution at NLO.

Now consider the real part of the photon self energy. For photons, there is only one 1-loop diagram
that contributes: the diagram with the electron loop, in which there is no Bose enhancement since all the
propagators in the loop are fermions. As a result, the real part of the (1 loop soft) diagram for photons is
expected to be of order e*T? ~ €2(LO) (see table 3.1). This is the same order as the (1 loop hard correction)
and (2 loop hard) terms. Therefore, we expect that all three terms must be calculated to determine the

complete NLO result for the real part of the photon self energy.

Now we consider the imaginary part of the photon self energy, of which the result is well known and
physically interesting [14]. The (1 loop soft) diagrams for the photon self energy are given in figure 3.5. Note
that there is no tadpole graph with a 4-photon vertex and internal photon line, as in leading order HTL the
4-photon vertex is proportional to the 3-photon vertex, which is zero by Furry’s theorem. When we take
the imaginary part of the (1 loop soft) photon self energy, fix ¢p and expand in powers of e, we expect to
obtain the 2-loop result from bare perturbation theory [20]. This is not the case, indicating that we missed
something in our calculation. The calculation of the (1 loop soft) imaginary photon self energy can be found
in appendix G, and the result is found to be of order e5T21n%. This is a troubling result for two reasons:
this result is a factor of eln(i) suppressed relative to what we expect from dimensional analysis. The

second problem is that the result is only a logarithm times the (2 loop hard) result, and we did not consider
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Figure 3.5: The diagrams that can contribute to the (1 loop soft) photon self energy.

potential logarithm terms that may arise in the (2 loop hard) diagrams. Therefore, we need to check the (2

loop hard) diagrams for potential logarithms.

In our previous calculations, we have assumed that momenta can classified as either hard or soft. However,

in order to get a logarithm we must integrate over a region that contains both hard and soft momentum:

Phard P 1
/ aP _y Phard 1 (3.3.10)
Psoft P psoft g

We want to correctly determine if there is a logarithm. Consider the following integrals:
Frard K Frard g Khard 1
~ — ~In{ —— ) ~In—
ksoft K + P kSth K ks()ft g
Phard dP Phard dP ur 1
/ > ~/ -~ ln<phd) ~In=. (3.3.11)
Psoft P+ K2 Psoft P Psoft g

In the first equation of (3.3.11) the momentum K is assumed to be greater than P but integrated over a

range that contains both hard and soft momenta. In this situation, K is said to be logarithmically hard. In
the second equation momentum P is assumed to be less than K but is integrated over a range that contains
both hard and soft momenta. Here P is said to be 'logarithmically soft’. Integrals of this form can produce
logarithms in the final result of the form lné. When considering different momentum regimes, we find that
the leading result for the (2 loop hard) diagrams is €>72InZ, which is the same order as the (1 loop soft)

contribution. Therefore, both must be calculated.

Furthermore, the full 65T21n% comes from the self energy insertion (figure 3.2 B) and the dominant

momentum regime is when the electron is hard and the photon is logarithmically soft [14]. Using this
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Figure 3.6: The two loop diagram that has the same order as the (1 loop soft) contribution can be drawn as

a one loop diagram with an effective vertex.

information, we think about the (2 loop hard) diagram in a different way (see figure 3.6). In figure B the
diagram is rearranged. Since the box in B is a hard loop, we can rewrite it as an effective vertex, as shown
in figure C. Recall that this tadpole was neglected in the (1 loop soft) case because the 4-photon vertex
vanishes in leading order HTL. However, since the result is eln% less than the power counting prediction, we
need to consider the correction to the 4-photon vertex, as it is only proportional to the 3-photon vertex in
leading order HTL. From the results of this section, we conclude that the correction is proportional to eln%,

and the 4-photon vertex can be written as

1
L oton = 9° <0 x 1+ glng + > (3.3.12)

where the first term in (3.3.12) is obtained from the power counting rules of (2.1.13) and vanishes due to
Furry’s theorem. Note that when we include figure 3.6 B in the calculation of the imaginary part of the
photon self energy, the result upon fixing ¢o and expanding matches the result of [20]. It is important to
note that the diagrams of figure 3.6 B and C illustrate the double counting problem that occurs at NLO:
in both diagrams, the external photon momentum is soft and the internal fermion momentum is hard. The
difference is that the photon loop is soft for the (1 loop soft) diagram in (C), and logarithmically soft in the
(2 loop hard) diagram in (B). Any overlap between these momenta results in double counting. Here we are
not concerned with the solution to this problem, as we are concerned merely with determining the orders of

diagrams, not the coefficients.
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3.3.4 NLO Power Counting Rules

From the results in this section, we can make the following remarks about power counting at NLO:

1) For the real and imaginary parts of the gluon and fermion self energies, the (1 loop soft) diagrams are of
order g(LO), the same order we derived using the techniques of power counting. The (2 loop hard) and (1
loop hard correction) are found to be of order g?(LO) (neglecting any logarithms). Thus, the (1 loop soft)
diagrams give the entire NLO result.

2) For the real part of the photon self energy, all three terms must be calculated due to the fact that there is
no Bose enhancement. These terms are of order e?(LO). For the imaginary part of the photon self energy,
we found that both the (2 loop hard) and (1 loop soft) contribute at order 5T 21Dé. The logarithm was
found to come from the (1 loop soft) diagram with the correction to the HTL 4-photon vertex, and the 2-loop

diagram with the self energy insertion with a logarithmically soft internal photon and a hard electron.
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Chapter 4

Conclusions

In the second chapter of this thesis we derived a set of power counting rules for leading order HTL’s in
the real time formalism. This set of rules allows us to predict the order of any diagram at leading order.
In particular, we found that diagrams with 4-gluon vertices only contribute in the case of the gluon self
energy, where the gluon tadpole must be included. We also showed that diagrams with external ghost lines
do not contribute and the bare ghost propagator is sufficient even for soft momentum. It was found that

only diagrams with zero or two external fermion lines contribute at leading order.

The third chapter of this thesis involved the derivation of power counting rules at NLO HTL. We only
looked at self energies, as these obey particularly simple symmetry relations and are physically interesting.
Upon detailed analysis of the three types of terms described in [1] we found that for fermions and gluons,
only the (1 loop soft) diagrams need to be calculated in order to determine the full NLO result. However, for
photons, we found that all potential types of terms contributed. For the real part, this was due to the lack of
Bose enhancement that was present for the gluon self energy diagrams. For the imaginary parts logarithms
appeared from the correction to the 4-photon vertex for (1 loop soft) diagrams and for logarithmically soft
photon loop momentum (2 loop hard). Refer to table 3.1 for a complete set of results for the self energies
at NLO. We accomplished our goal of determining power counting rules at NLO for the boson and fermion

self energies and understanding the exceptions to these power counting rules (the photon self energy). We
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would like to extend this work to diagrams with an arbitrary number of legs. Looking at our results, we

expect that the photon self energy will be the only case in which we get g3(LO).
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Appendix

The first appendix contains important equations that are used in this thesis. The second appendix provides
details about the structure of the dressed photon and electron propagators. In the third appendix the leading
order self energies in QED are calculated. In the fourth appendix we discuss the spectral function repre-
sentation of different propagators and derive some well known relationships. The fifth appendix contains
the proof of the cancellation of the highest order term in the n-gluon vertex. In the sixth appendix the
symmetry relations of the boson and fermion self energies are calculated. The seventh appendix contains the
calculation of the (1 loop soft) term for the imaginary photon self energy. In the eight appendix the (1 loop
hard correction) terms are shown to be subleading relative to the (1 loop soft) result. The last appendix

contains a proof of Furry’s theorem.
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A Important Formulas

1. The mass scales used are

2T2

wh =S (A.1)
9
2T2

me = c 3 (A.2)
2T2

m?, = ¢ e (A.3)

2. The Bose-Einstein and Fermi-Dirac distributions represent the distribution of energies of a system of

many identical bosons or fermions at thermal equilibrium. They are defined as follows:

1
nB(k) = Bk _ 1
1

The following quantities and relations are useful in calculations:
NB(ko) =1+ QTLB(]C())

NF(/C()) =1- 2TLF(]€0)

Np(—ko) = =Ng(ko)

Np(—ko) = —Np(ko). (A.5)
The soft limits of (A.5) are
T
Np(ko) =~ —
B(ko) T
Ni(ko) = (A6)
F ko) & = .

The following integrals appear frequently in calculations:

w2 k2 w272
~Y

/O h dkkng (k) =

6 6
00 2k2 2T2
/ dkknp(k) = o T
0 12 12
/ dkk"Np p(k) ~ k"1~ T (A7)
0
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Y

Figure Al: The integration contour used to define equation A.10.

Note that in (A.7) we have assumed that & is hard in the final result of each line.

Given ¢y = —ko — po, the statistical factors satisfy the KMS conditions:

Np(ko)Np(po) + Np(ko)N5(q0) + Np(po)Np(90) +1 =0 (A.8)

Ng(ko)Nr(po) + Nr(ko)Nr(qo) + Nr(po)Nr(go) +1 = 0. (A.9)

3. The following equation for contour integration is very useful when performing calculations

IOt _ py. [ 1% _ir [ st

T 41
flz)dz _ f@de s\ da
= —P.V./ ——+ /f( )o(z)dx. (A.10)

It is understood that the integration is over a function f(z), and f(z) is assumed to tend to zero over the

arc of the contour of figure Al.

4. The step function in position space is

0 i 0o p efiT(a:ofyo) ALL
(CEO*yO)*%/iOO Tw- (A.11)
(A.12)

A useful relationship involving step functions is
0(zo — yo) + 0(yo — o) = 1. (A.13)
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5. The following delta function relations are useful:

5(z? — a?) = 2|a|[5(zfoz)+5(x+a)] (A.14)
S[g(x)] = Z 7 (1%) §(x — ;) where g(z;) = 0 (A.15)
S(K?) = %Im (Kzl_ ie) . (A.16)

L S (—1)ad. (A.17)

7. The 2-variable Taylor series for the function F'(x,y) expanding around the point (a,b) is

F(z,y) ~ F(a,b) + (z — a)g—i(a, b)+ (y — b)%(a, b). (A.18)

B QED Propagators and Self Energies

In this appendix we discuss the bare and dressed photon and electron propagators in QED. The general-
ization to QCD propagators is straightforward. We remind the reader that we are working in the Feynman

gauge.

B1 Photons

The bare inverse photon propagator is obtained from (1.1.8) by taking the Fourier transform of the equation
of motion of the free photon part of the Lagrangian. The equation of motion for the photon field A, is

Maxwell’s equation [2],
0, F" = ey yp = ej”. (B.1)
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The inverse propagator is then obtained:
D;(EI)_l(Q> = _QZQ;W- (BQ)

The zero temperature photon propagator is determined from the inverse propagator:

Dgu(Q) = _égm/ (B3)

where a line in a Feynman diagram is defined to be ¢D. We define the dressed inverse propagator as

Dy (Q) = (D, (@)™ = 1, (Q) (B.4)

In order to obtain this form for the effective propagator, the self energy is ¢ times the corresponding bubble
diagram. It is useful to write the effective photon propagator using projection operators. A set of projection

operators P, and P, must satisfy the relations

P:=P,

P,P,=0, a#b. (B.5)

At zero temperature the two projection operators for photons are

PZV(Q)_ pv Qégu
PL(Q) = i (B.6)

It is straightforward to show that these obey (B.5). The photon propagator defined in (B.3) can be written

DY, (Q) = —é%(@) +PLQ) (B.7)

The self energy is decomposed using the projection operators defined in (B.6),

—11,,(Q) = Pp, (QUr(Q) + P, (QIL(Q). (B.8)

According to the Ward identity, the photon self energy must be 4-dimensionally transverse (Q*I1,,,(Q) = 0).
Since Pr(Q) is 4-dimensionally transverse but Pp(Q) is not, II1(Q) = 0 at zero temperature. Therefore,

the self energy is given by

~1L, (Q) = P (Q)r(Q)- (B.9)
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The finite temperature case is more complicated, as we need another vector to construct the projection

operators to account for the heat bath. Using the notation of [21] with U, = (1,0,0,0) defined to be the

mean velocity of the plasma, the projection operators are

T _ Ruky
F);w (L) = Tuv — K2
L,L
L _ n=v T
P;,W(L) =G — L2 - PMV
L,L
0 utiv
P;,LZI(L) - L2

These projection operators obey the standard projection operator properties of (B.5)

ature limit,
T T
P, (L) = P,,(L)
L
PW(L) —0
P),(L) — PL,(L).

pv

Given that PO

n%

has the form

(B.10)

. In the zero temper-

(B.11)

is not 4-dimensionally transverse while the other two projection operators are, the self energy

~I(Q) = I1, (Q)Mr + I, (L)L (B.12)
Substitution of (B.12) into (B.4) gives the inverse dressed propagator:
DHQ) = —(@* ~ T PL(Q) - (Q* = L) PL(Q) - QPL,(Q). (B.13)
We can use (B.5) to determine the effective propagator from (B.13):
pPT pL P
b - TAQ)  PRQ)  PLQ -
K2 Ty K2-1; @2
The longitudinal and transverse self energies can be found from (B.14):
2
T, = 5 Mo (B.15)
Lo, Quer
Ur = 5(9 e Q> P, (B.16)



B2 Fermions

The bare inverse propagator for fermions is found by taking the free fermion part of (1.1.8) and finding the

equation of motion. This yields the Dirac equation:
(iv* 0y — m)(X) = 0. (B.17)

The bare inverse fermion propagator in momentum space is:

1

S(P) = P +ie

(B.18)
The dressed fermion propagator can be expressed in the same manner as (B.4),

$7HQ) = () 7HQ) ~2(Q)- (B.19)
We decompose the fermion self energy into the following form:

Er(Q) = A(go, 9)@ + B(q0,9)70- (B.20)

The traces of products of y-matrices can be used to obtain A(qo, ¢) and B(qo, q):

Tr[v0Zr(Q)] = Tr[Av@ + Bg] = 4Aqo + 4B
Tr[@Xr(Q)] = Tr[AQQ + B@yo) = 4AQ* + 4Bqq

_ é[qonmz;c(@)] - TH@%R(Q)]]

B = 15w TH@e(Q)] - QT Za(@)]. (B.21)

A

Another useful representation that can be used to express the fermion self energy is obtained from (B.21):

%(g0,9) = 29 (g0, )70 — 2 (g0, 9)7 - 4

2 (g0,9) = 90 A(q0,9) + Blao,q) 2% (q0,q) = qA(qo, q)- (B.22)

Thus, the inverse effective fermion propagator is

S7HQ) = (90 = 2 @)10 — (¢ + (@) - . (B.23)
We define the operators
Py =200+ d)
Po=2(0-7d) (B.24)



Making the definitions

21(Q) =20(Q) £2(Q) (B.25)

and rewriting (B.23) in terms of these operators, we obtain

STHQ) = P+(Q)(q0 — ¢ — 21(Q)) + P-(Q)(q0 + ¢ — -(Q)), (B.26)

P, and P_ satisfy the relations

PLQ)PH(Q) = P_(Q)P-(Q) = 0
PLQ)P-(Q) + P_(Q)P+(Q) = 1. (B27)

Using (B.27), the effective propagator is

1 1
Qo tq-— E—(Q)P+(Q) N 00 —q—24(Q)

= A4 (q0,9)P-(Q) + A—(q0,9) P+ (Q)- (B.28)

5(Q) P(Q)

C Leading Order HTL Self Energy Calculations

In this appendix we calculate the leading order self energies of the scalar in ¢* theory and the photon and
fermion in QED. We will start with propagators in the (1-2) basis and substitute the corresponding Keldysh
propagators afterwards, allowing us to use the simple vertex structure of the (1-2)-basis. It is also possible
to do the calculations directly in the Keldysh basis. The momentum external to the diagram is defined to
be @, the loop momentum K, and on occasion P is some combination of K and Q). We will also use x = %0
to simplify the notation. We assume that the masses of particles are much smaller then the momentum
components and can be neglected. This assumption is only valid at leading order. It is also important to
remember in our notation the self energy is given by ¢ times the corresponding diagram (see appendix B).
When we perform the k-integration we neglect the non-thermal parts of the factors Np(k) and Np(k). In

this appendix we are calculating the retarded self energies.
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C1 Leading Order HTL Scalar Self Energy

The scalar self energy involves the calculation of the tadpole diagram (see figure 1.3). Note that there is
only one vertex here, so the retarded scalar self energy will simply be given by IIg = II;;. The self energy

is given by 7 times the tadpole diagram,

= @/%Au - %()\) / (;’;4 (Kzlw - 27ri6(K2)sgn(k0)nB(k0)>. (1)

Using the formulas (A.15) and (A.16), we can simplify the integrand. Neglecting the real term of the

propagator Aj; because it is temperature independent (1.2.2), we have

m— 7/ B3k /d 0271']\2[5 k‘o n(ko)[5(k0 —k‘) +5(k0_|_k-)] (CQ)

Performing the k¢ integration and dropping the temperature independent part of Ng(k) gives

Performing the angular integration,

/d% = 47r/dkk2
I

dknp(k)k. (C.3)

4 A2
Using (A.7), the result for the scalar self energy is then

\T?

C2 Leading Order HTL Photon Self Energy

In this section we calculate the retarded longitudinal and transverse photon self energies in the HTL approx-

imation (see figure 1.4). The photon self energy is given by the integral

4
= —ie? [ S Xm0 (- Q)

= —ie* [ G (K~ QIAK)AK ~ Q) (©5)

Note that II*" is a 2 x 2 matrix in Keldysh space.
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C2.1 Longitudinal Photon Self Energy

The longitudinal photon self energy can be obtained from (C.5) using (B.15). Evaluating the trace for

p=v =0 and defining P = K — @ to simplify the calculation yields
Tr[y*7* Koy’ Ps] = Ko Pstr[y°777°97] = 4K P5[29% g% — 9°7g%] = 4(kopo + k - p).-
Using the first line in (1.2.11) to obtain the retarded self energy, we have
00 . 2 d*k A A A A
II™ = —4ie (27)4(]{70]70 + k- p)(All(K)All(P) — Alg(K)Agl(P)) (CG)

Using (1.2.8), the above result can be simplified further since

Note that the propagator combinations Ar(K)AR(P) and A4 (K)A4(P) vanish since the poles will be
isolated to either the upper half or lower half complex plane, and the contour can be closed to exclude these

points. The integral is given by

00 . 2 d'k X A A A
I = 24 / Gk + kD) (Bs()BA(P) + An()As(P). (1)

Shifting K — @ — K in the first term and using (1.2.10) and (A.5) yields

Using (C.8) in (C.7) and substituting in the Keldysh propagators,

sgn (ko) Np(ko)d(K?)

d*k
H00:—42/—k k- . C.9
) Gt T P Qp —iesgn(ko — ) €9
The next step is to perform the ko-integration of (C.9):
2 Nr(k) 2k% —nkqo — k - q
= — = [ g3t . C.10
2n? k n;:ﬂ —2nkqo + 2k - ¢ + Q* — desgn(nk — qo) (G10)

We define z — k - q, where k and q represent the unit vectors in the k£ and ¢ directions. We also take

nk >> qo and use [ d*k =27 [ dkk? fil dx. Substitution into (C.10) yields

2
o0 _ ¢ 3 NF(k)/ k* — nkqo — kqz
o2 /d K k de Z —2nkq0 + 2kgx + Q% — iesgn(nk)

1 — 2 _ g9z
:ff/deF / dx 2k 2k : (C.11)

_ng 4 gr 4 Q@ _ .
. Tk T oy —wne
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Take the 2-variable Taylor expansion of (C.11) as given in (A.18) and keep only the leading order terms:

nqo qr

2k 2k
2

_ng 4 gz 4 Q> _
n—t1 "k T | T 25 —n€

B Z k 1 ngy—qx 1 Q?
N =, Lnao + qx + nie 2nqo + qr +nie 2 (nqo + qr + nie)? |’

(C.12)

The first terms of (C.12) vanish upon the z integration and summation over n. Thus, substitution of (C.12)

into (C.10) yields

o0 — 3,2 |1 — Loy, (Lt aHIC) | (C.13)
P 2¢ \qo —q+ie

Using (B.15), the longitudinal photon self energy is given by

Qg0 (Gotatiey

I = 3w? :
r P g2 2¢ “qo—q+ie

(C.14)

C2.2 Transverse Photon Self Energy

In this subsection we will calculate the retarded transverse photon self energy in the HTL approximation.

The transverse photon self energy can be obtained from (C.5) using (B.16). The result is
1 v
M = 5 (9" —TIz). (C.15)
Since we already have II;, (C.14), we only need to calculate II/. Start with the numerator:
glerh/uK%/F] = gHVKaPﬁTr['Yu'Ya'YV'Yﬂ] = 9#V4KQPB [guagu/a + 9u89va — gp,uga,ﬁ’]
:49#V[K}LPV+KVPH_9HVK'P] = —-8K-P. (016)

Substitution into (C.5) yields

o [ dY , . . ) ]
I = i / (a2 2K - QAL (K)An(P) = Aa(K) A (P). (C.17)

Substitution of the Keldysh propagators and dropping the terms with poles in only the upper or lower half

planes, we have

Sgn(ko)NF(ko)(S(K2)
(K — Q)? —iesgn(ko — qo)

" = 462/ 'k [-2K? + 2K - Q)] (C.18)
w o .

(2m)?

The next step is to evaluate the kg integral and use sgn(ko — qo) — sgn(ko):

e? Np(k) nkqo+k-q
m =_— [ &k :
" Z —2nkqo + 2k - q + Q2 — nie

3
27 k )
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We define = the same way that we did in the longitudinal self energy calculation:

e? 1 nkqo + kqx
= — [ dkkNp(k d
2 / r(k) /71 * ngl —2nkqy + 2kqr + Q% — nie
2 nqo + qw

=53 /dkkNF(k) /_11 dw ) A (C.19)

"'LQO qr _
n=+1 + % +2k2 nie

We take the 2-variable Taylor expansion of the fraction in (C.19) and keep only leading order terms:

ngo — qv
= dkkNp( d _
T 2 / o / Inzﬂ —ngo + qxr — nie

(C.20)

Note that as in the longitudinal case, the two integrals dk and dxr are now separated, and we can do each

individually:

ngo — qT
d _— =4
/ v Z —nqo + qxr — nie

n==%1
T2 2
/ dkkNp(k) = — 6”
— Il = 3w, (C.21)

We use the result (C.21) and substitute it into (C.15) to obtain the transverse photon self energy:

Iy {3&; +3w2Q (11 <W)>}
2qg \qo—q+ie
3‘*’ a4 (JOQ2 qo + q + i€
1 : C.22
2 Lﬁ 25 "\ qo — q + i€ (C.22)
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C3 Leading Order HTL Fermion Self Energy

In this section, we calculate the retarded fermion self energy in the HTL approximation (see figure 1.5). The
fermion self energy is given by the integral

4

5(Q) = ie* [ G35 (K1 ALK = Q) (=0, A(K)

4 ~
— 2i62/ (;lﬂl; KA(K)A(K — Q)

where we have used v* K+, = —2/K. We obtain the retarded self energy from (1.2.11),

d*k
(2m)*

5(Q) = —2ie? / KIAL(K) Ay (K — Q) — An(K)An(K - Q)] (C.23)

The next step is to rewrite (C.23) in terms of Keldysh propagators in order to isolate the temperature

dependence:

D@ =l [ SR RIAR(K) + Balk) + Bs(K))(BaK - Q)+ (K — Q)+ As(K ~ Q)

—(As(K) + As(K) — Ap(K))(As(K — Q) — Au(K — Q) + Ar(K — Q)]

= —ie? [ SR KB - Q)+ An(K)8s(K ~ Q)L (C.21)

Shifting K — K + @ in the second term,

KAR(K)As(K - Q) = (K + @)Ar(K + Q)As(K). (C.25)

Since we have already used the operators out front of the propagators,

Apa=Aga.
Thus, the retarded self energy is
o [ Ak Nrp(ko)sgn(ko) K N (ko)sgn (ko) (K + @)
ER(Q) - € / (27T)4( 27TZ)6(K )[(K _ Q)2 _ isgn(ko IR qo)e (K + Q)Q + ngn(ko + qo)e]

e Np(ko)SgH(ko)K NB(kO)Sgn(kO)(K + @)

_ 4 2
- (@2n)? /d H O = Q) isan(ho —qo)e (K + Q)2 + isgn(ko T qo)e” (C.26)

According to (B.21), we need to calculate Tr[yoX(Q)] and Tr[@3(Q)]. We work through both of these in

calculations similar to those for the boson self energy. Note that we can set sgn(ko £ qo) — sgn(ko) due to
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the fact that kg >> go in (C.26). We start with Tr[yoX(Q)]:

o2
N (ko)sgn(ko)Tr[vo K] | Np(ko)sgn(ko)Tr[yo(K + Q)]
Tr[yoX = d*kd(K*?
rho2(Q)] 87r3 (K51 (K — Q)% —isgn(ko)e + (K + Q)2+ isgn(ko)e
Z / nkNg(k) (nk + qo) N (k) ]
27r3 2k 72nkq0 +2kqr — Q2 —ine  2nkqy — 2kqx + Q2% + ine
/dkk S / nNe(k) _ nN()
47‘(‘2 — —nqo + qr —ine  ngy — qr + ine
1
dkk k dp————
R e e
1. ngy+q+ine
n[N. —In(————
47r2 /dkk nzj;1 5 N (k) q n(nqo —q+ ine)
e? 1. qo+q—ie 1. —qo+q+ie
dkk|(Np(k) — Np(k))-In(———) — (N(k) — Np(k))-In(————
= [ k| a0 — () S D — () (1) SR
e? 1 qo + q + i€
dkk(Np(k) — Np(k))-In| ———
22/ (Na(h) ~ Ne(h) 11 (B
T2 1 ln qo + g +ie
2712 2 q qo — q + i€
2T2 :
_e 1n(qo+q+z_e>_ (C.27)
4q qo — q + i€
Now consider Tr[@X(Q)]:
e? N (ko)sgn(ko) Tr[@K]  Nip(ko)sgn (ko) Tr[Q(K + Q)
TrlyoX d*k(K?
Q)] = oy [ I -G R i
Z / (k)(nkgo — kqz) L Np(k)(nkgo — k;qas)]
27r3 2k = —anqo + 2kqr — Q2 +ine = 2nkqq — 2kqr + Q2
< /kdk 3 / )(ngo —qx) | Np(k)(ngo — gz — mﬁ)]
4 —t1 —nqo + qx + ine nqQo — qTr — 1Ne
e? qx
= 4n2 /kdk(NB nZ:tl/ ngo — qT — INe
e w212 e2T?
= — 4 = . 2
4n2 2 ) 2 (C.28)
We use the results of (C.27) and (C.28) to obtain A(qo,q) and B(qo, q) given in (B.20):
m% qo, ,qo+q—ie
A — Mp oy, d0TaT
(QO7q) q2 [2(] n(quqfiG) }
mi Q% qo+q—ie
B = —Llgp — = In(Z——)]. 2
(qoa Q) qQ [qO 2q n(qo —q- ’LG)] (C 9)

59



Therefore, the retarded fermion self energy is

Sa(@) = "F (™25 1)+ (- Cyln("“““))v@].

® [\2¢ “qo—q—ie 2q  qo—q—ie
(C.30)
We rewrite (C.30) in the form given by (1.3.6):
=32O(qo, ¢)70 — 2(5)(q0,9)d - 7
2 1 o
20 (g0, q) = TE {m(w)}
q 2 \qo—q-—ie
(s) m% [qo, (qo+q—ic
2 (q,q) = — | Zln| ————— ) = 1]. (C.31)
q 29 \qo—q—ie
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D Spectral Function Calculation

In this section we will study the spectral function and how it relates to different forms of the propagator.
We will start by looking at scalars, and later study fermions.

We define p in position space:
p(X = Y) = i(Ar(X = Y) = Aa(X —Y)). (D.1)
We use (1.2.1) and (1.2.7) to get:

Apr(X —Y) =An(X —Y) - Ap(X —Y) = —{T(¢(X)o(Y))) + i{o(Y)p(X))

= —if(z0 — o) ([$(X), (V)))
ApX =Y) = A1 (X —Y) = Agi(X = Y) = —i(T($(X)p(Y))) + i{p(X)p(Y))
= —if(yo — 20)([$(Y), (X))

p(X =Y) = ([p(X), o(Y)]) (D.2)

where we used (A.13) in the last step. Similarly, we use the anti-commutator and make the definition
p(X =Y) = ([6(X), ¢(Y)]1)- (D-3)
Using (1.2.1) and (1.2.7) it is straightforward to show:
Ag(X —-Y)=—ip(X -Y).

From [7] we have,

* dw  p(w,p)

Bntpo.) = |

_— D.4
oo 2T W — po + 1€ (D-4)

This is a particularly interesting result, as the RHS of (D.4) depends only on the imaginary part of Ag(po, p),

and therefore the real part of Ag(po,p) can be determined from the imaginary part.

We now determine the imaginary part of (D.4). Using (A.10),

Ag(po,p) = % /:X’ dwp(w, p) {P.V. —imd(w — po) |- (D.5)

W —Po
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The first term in the brackets is real. Therefore,

1 o0
(o p) =~ [ doplw.p)ow )

— 00

%(AR(po,p) —Aa(po,p)) = —%P(po,p)

p(po,p) = i(Ar(po,p) — Aa(po,p)) (D.6)

in agreement with (D.1).

Now we calculate the KMS condition (equation (1.2.10)). We start from the Fourier transforms of (D.2)

and (D.3):

pEY) = [ dX = Y)E I 0(X), () )

pOEY) = [ dX =) (90, (V)4 (D7)

In the Heisenberg representation ¢(X) = e X ¢(0)e=*7X [22] and we have:

(G(X)6(Y)) = Te(e P o(X)(Y))
= > nle P H(X)o(Y ) )
= imeﬂf’e”"%(meiP'XeiP'Y¢<0)einY|n>
Sl P 0 e 00

_ Z e_'BE"eiP"'Xe_iPm'XeiPm'Ye_iP"'Y<n‘¢(0)|m> <m|¢(0)|n>

n,m

=D e et P XD g 0)]m) . (D3)
Similarly,
(B(V)6(X)) = Y e~ Fre P (X0 (] 0) ) (D.9)

n,m
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Figure D1: The contour of integration used for (D.14). We integrate around the poles such that they are

inside the contour include, hence the presence of the residue term. The dots represent the poles.

Taking the Fourier transform of (D.8) and (D.9),

[t =) S o), 6
- / dH(X = Y)Y e (] (0) ) [2[eFr ) (XY o il (X0
=" 1nl@(O)|m)P[5(P + Py — Pr)e PEn £ 6(P — P, + Py )e 7En]

=" 1(n]¢(0)[m)[8(P + P, — Pp)[e PP £ e=PPn]

= (n|@(0)[m)[*6(P + P, — Pp,)e 5 (14 &), (D.10)

In the fourth line of (D.10) we switched the indices m and n in the second term in order to factor out the

delta function. Therefore,

p(po,p) 1+ efPo

ppop) 1w T 2n5(po). (D.11)
Using (D.1) and (D.4),
P(po,p) _ iAs(po, p) - i
p(po,p)  i(Ar(po,p) — Aa(po,p)) 1+ 2np(po)
— As(po,p) = (1 +2np(po))(Ar(po, p) — Aa(po,p))- (D.12)

Thus we have derived (1.2.10) and shown that the Keldysh propagator has only two independent components.

Now we calculate the spectral function. Integrating (D.1),
/ dpop(po, p) = Z/ dpo(Ar(po,p) — Aa(po,p))- (D.13)
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We start by considering the integration of Dr. The poles of D will be in the lower half plane, thus we

choose a contour in the upper half plane.

famDntos) = [ Daon.p) + /C Dr(po.p) = 0

/ dpoDr(po,p) = —/ dpoAr(po, p)- (D.14)
- c

The next step is to find the expression for [ ¢ dpoDr. We do this by taking the limit as the imaginary part
of the poles approach zero. In this limit, the poles will be on the contour. To use the residue theorem we

must detour around the poles. We choose the contour in figure D. We obtain

§ dpaDan(pn) =27 Y Res(An)

— PV.|,+imY_ Res(Ag)+ /C Ag(po) = 2mi Yy _ Res(Ag) (D.15)

where

PV|, =lima%o[/ AR(pOap)dPO‘F/ AR(po,p)dpo}
—4 4

and the second term in (D.15) comes from the small semi-circles in figure D. Solving (D.15) for [, Ar(po)

and substituting into (D.14) we obtain:

/Oo dpoAr(po,p) = PV.|r — iy _ Res(Ag). (D.16)

— 00
For A s(po,p), the poles will be in the upper half plane, so we choose a contour in the lower half plane.
Performing a similar calculation to the one for Ag(po,p) and noting that the orientation of the curve is

changed, the result is

/OO Aa(po,p) = PV.|a+ ﬂ'iZRes(AA). (D.17)

Combining (D.16) and (D.17), the integral of the spectral function will be
/ dpop(po,p) =i(P.V.g — P.V.4) + W[Z Res(AR) + Z Res(A4)]. (D.18)

— 00

Now we will consider photons and look at transverse modes. The spectral function can be written using
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the photon projection operators,

T L P’
Puv = _PuupT - PM ﬁpL
pr =A% — A}
P L
PL = pT(AR - A%). (D.19)

The propagator AT is given in (1.3.3) and the self-energy Iz in (1.3.5). Note that P.V.‘R #+ P.V.|A due
to the presence of the logarithm function and the necessity of a cut in the complex gy plane to make the

function single-valued. Consider the two factors on the RHS of (D.18). We will show that

W[Z Res(AR) + Z Res(A4)] = 27r/dp0 [0(w —po) — d(w ~+ po)]Z(po,p)) (D.20)
i(P.V.|gp— PV.]a) = 27 B(po, p) (D.21)

where
Z(po,p) = Po(ps _QPQ) (D.22)

~ 3mipp — (g —1?)?

em2 10 P?g(~P?)

6(p03p) = - 5 > On2ma p2p2 * (DQS)
(P2 - §mz [ - pEftel)e 1 S
We start with the residue terms (D.20). The residues of the propagator are obtained from
ReS(AR) = lim‘PoﬁwT (pO - WT)Ag(POJD)
= lim|,,, _W%_
(A% (po,p)]
To evaluate the limit we apply L’Hopitals rule to obtain
P -1
Zr(p) = (ap()(A_lﬂpo—wT(p)) ' (D.24)

Using equations (1.3.3), (1.3.5) and (1.4.3) we obtain (D.20). The calculation is simplified using the following

trick: since AL'(wr) = 0 we have

an +p+ie  2wrp 4p?

1 =
wr —p+ie  wi —p?

C 3mZwr’
The advanced self energy is obtained from the retarded self energy by the relation Ay = Ag(ie — —ie). It

is easy to see that the residues will follow the same rule.
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Recall that there are two poles of the propagator, located at twp. Since Zr(—wr) = —Zp(wr) the

contribution to p(po,p) from the residues will be

oo

m(Res(Ar,po = wr) + Res(Agr,po = —wr)) = 7T/

—0o0

dpo[d(po — wr) — d(po + wr)|Z(wr, p).

The advanced case will produce the same result. Therefore, we have reproduced (D.20).

The next step is to calculate 3(pg, p). Using (D.21), (1.3.3) and (1.3.5) we have:

1
i[P.V.|r — P.V.|a] = i0(—P?) . ,
3m?2 3 _ 2
Py —p? = 25 (3 — Pk (o))
1
D.25)
3m2 2 3_ 2 ; (
= = 255 (] - B a2

where we set € to zero everywhere except in the argument of the logarithm.

We define the logarithm function with a cut along the negative real axis. To find ImlIlz and ImIl4 we

will need to evaluate 4 logs whose arguments are shown in figure D. Using p > |pg| we have:

In((po + p) + i€) = n[|po + ple™®" | = Infpo + p|
In((po — p) + i€) = In[|po — ple’™] = In|py — p| + im
In((po — p) — i€) = ln[\po —p|e‘”} = ln|py — p| —im

In((po + p) — i€) = ln[\po —|—p|ei07] = In|po + p|. (D.26)

The logarithm will be imaginary if the argument is negative. This occurs when exactly one of the

numerator or denominator of (D.26) is negative. Thus, the two situations in which (D.26) will have an

imaginary component are
) po+p>0,po—p<0

2)po+p<0,po—p>0

which means there will be an imaginary component of the logarithm if and only if p > |po|, i.e. P? < 0.
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>

qo — q+ i€ qo + q + 1€

Y

Go—q e qo+q — ic

axis.

Substituting (D.26) into (D.25) we obtain

1
i[P.V.|g — P.V.|4] = i6(—P?) T Jes
o —p* = == (5 — g ( l‘igig —im))
1
3m?2 2 3 _p2 . .
ph =97 = 25 (G - g (nfeg 4 im)
Defining
2 2 2 P2
A= P2 _ 3mo<;p0 + 3moo ) poln ‘pO +p|
2p 4p lpo — pl
B_ 3m§OP2p07T
4p3
we have
1 1
i[P.V.|g — PV.|a]  =i0(—P?

2iB
— —i0(—P%) | ——
A—iB A+iB] i6( )[A2+B2}
73w12)P2p07r
= 270(—P?) e

3w2p2 3w2P?po ., |po+ 3w2P2pom
2 _ SWpPo b po+p[y\2 pt PO \o
(P 2p? + 4p3 In [Po fpl) + 4p3 )

in agreement with (D.23).

Combining pieces we have shown that the spectral function is given by

pr(wr,p) = 27T/dp0[5(p0 —wr) — 0(po + wr)|Z(wr,p) + 21 B(wr, p).

Figure D2: Poles in the complex plane that give (D.26) given that k > kg. The cut is along the negative ¢

(D.27)

(D.28)

(D.29)

It is straightforward to take the zero temperature limit of the transverse spectral function. In the limit

Moo — 0 we have B(wp,p) = 0 from (D.21). Using wr ~ p (see equation (1.4.3)) we obtain from (D.20)
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Z ~ 1/2p. Combining we have:

po(po,p) = 2msgn(po) 21 [6(po — w) + d(po + w)]

2w
- 2 _ 2
= 2mwsgn(po)d(py — w?).

Therefore in the zero temperature limit the free spectral function reduces to the result that would be obtained

from (D.6) using bare propagators [6].
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E Cancellation of Leading Order Term in n-Gluon vertex

In this appendix we show that the expected leading order term of the n-gluon vertex vanishes, and as such
the power counting rules must be modified from (2.1.10). This cancellation produces the statistical factor

discussed in section 2 and accounts for the factor g°#r°in (2.1.13).

We define

Pi=> Qm, Py=0. (E.1)

m=0

The amplitude of the n gluon vertex is given by

_1n71
Co = Te[K (] (4" (£ + Po)))yn] PO K
j=1
n—1
X =AK) ][] Ak + P). (E.2)

The number of gluon legs is n but the number of independent external momenta is n—1 (due to conservation
of momentum). The t* are the QCD generators and have no effect on the order of the diagram, contributing
only a multiplicative constant to the amplitude. The trace term containing the momenta can be simplified,
but there is no need to do so since we are only interested in the result at leading order. The term X is a
product of propagators dependent on the internal momenta of the loop.

We remind the reader that the Keldysh propagators for fermions are (1.2.9):

As(P) = —2miNg(po)s(P?)

< 1

AT BT (E-3)

Given a 1-loop diagram, the product of n propagators will always contain one symmetric propagator and a
combination of (n — 1) advanced and retarded propagators. We are only concerned with the real part of the

diagram, therefore we only care about the real part of the advanced and retarded propagators. We make

69



the definition D(P;) = Re(Ag, 4(P;)) and rewrite X:

n—1 n—1
X=> As(E+P) [ DEK+P. (E.4)
i=0 §=0,j7i
Substitution of the Keldysh propagators into (E.4) yields
n—1 n—1
. 1
i=0 G=0,j#i J

The next step is to perform a shift of variables on each term of the summation of (E.5) in order to factor
out the delta function and statistical factor. In the summation, for the i*" term, we make the substitution

K — K — P;. The result is

n—1 n-—1
=0 j= O,j;ﬁz

Due to the presence of the delta function, all factors of K? vanish. We can also neglect any terms of the
form @Q; - Q;, as they are sub-leading . Also note that each factor of the product contributes a factor of %

Therefore:

1 LO HTL 1

K+P, P2 2K-(F-P)

(E.7)

Substitution of (E.7) into (E.6) gives

X = —(2)> " niNp(ko)d Z H 7) . (E.8)

1=0 j=0,j#1

We define

C =2*"rg"C,

Io = Np(ko)8(K?)Cs. (E.9)

Using (E.8) and (E.9), (E.2) becomes

d*k
r—c| %"
C/ my 19

n—1 n—1
1
© Z ,H,K'(Pj_Pi) (E-10)
1=0 J=0,j7#i

We want to show that the above equation vanishes for any arbitrary n. This will be accomplished using

mathematical induction. The first step is to show that the n = 2 case vanishes. We have already done this
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(see (2.1.12). We repeat the calculation to illustrate the notation of this section:

2 2 1
© -2l wo—a

i=0 j=0,j7i
1 1
= + =0. E.11
K- (Q:—-Q1) K- (Q1—Q2) (E.11)
Therefore, (E.10) is valid for n = 2.
Now we will show that ©,4; x 0,. From (E.10),
n n 1
@nﬂzz ,H,,—KP]-—KR- . (E.12)
i=0 | 7=0,5#1
We will use the partial fraction relation
1 1 1 1
- —_ ). E.13
AB A-B (B A) ( )

Starting from (E.12), we use the following strategy:

1) Separate the last two terms from the remainder of the summation of (E.12).
n—2
Onp1 =D ti+tn 1+t (E.14)
i=0

2) Partial fraction the last two factors of the terms of the summation term of (E.14) using (E.13).

n—2 n—2 [ n 1 1
So =S| emn
i=0 i=0 | =0, K- (B - Pi)_
-« ”lif 1 1 1
Z ooy a KB =P | K (P — P K (Py — P)
partial fraction
=« "1:[2 1 1 1 1
& |bgu K (B =P | K-Qu |K-(Po — P K- (P —P)
Bli) A1 (3) As (1)
n—2
= 3" [ () BG) + A2()B() (E.15)
i=1
3) Rewrite the last two terms of (E.14).
n—1 — =
j=0.j#n—1 K- (Pj=Pi)  K-GQn j=0.j£n—1 K- (Pj = Pu)
n n—2
1 1 1
t, = = — . E.16
L j:g;enK'(Pj_Pn) K'anl;[OK'(Pj_Pn) (E.16)
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We will now show that the combination of all the terms of ©,,; yields a result that depends on ©,, with

different arguments.

n—2

Ons1 =D (A1(i) + Az(i))B(i) + tn_1 + tn = P + Pa. (E.17)
=0

4) Calculate 372 Ay (i) B(i) + to_1 = Pp:

1 n—2 n—2 1 1 n—1 1
el (ST T et
K-Qn |z | cogu KB —R) | K- (Poa = B) - 0 K (B = o)

The term labeled « is the (n — 1)** term of the product in the sum of (E.18), allowing us to write

n—2 n—1 n—1
1

1 1
P 2| U et U wm—sy

i=0 | j=0,j#i §=0,j#n—1

Finally, we see that the last term is the (n — 1)"* term of the summation, thus

n—1 n—1
1

1
RS S PN Vi e

i=0 | j=0,j#i

w(PL, Py, ..., Poa, Pu_y). (E.18)

1

We have included the arguments of ©,, to show which momenta it depends on. This will be particularly

important in the next part of the calculation.

5) Calculate 317 Ay (i) B(i) + t,, = Py:

n—2 n—2 n—2
1 1 1 1
P v - E1
2T TK-Q, Z K- (P, —P) H K- (P,— D) +,I_IK.(p,_pn) (E.19)
=0 3=0,j#i J 7=0 J

We can show that (E.10) is equivalent to (E.19) with the relabeling P,_; — P,. Start by taking (E.10) and

take the n — 1 terms out of the summation and product.

n—1 n-1 1
i=0 j=0,j7#1
B SN | (L E— | J—
=0 jogni X (P — F) o K (Pj = Pp1)
n—2 n—2 n—o
1 :| 1 1
- + . (E.20)
i=0 j=0,j#i K- (Pj—PR)] K- (Ppo1—F) =0 K- (Pj— P,1)
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Now, define P,_; — P, in (E.20):

n—2 n—2 1 1 1
B ]
= _K'QTL@n(PlaP27"'7Pn72aP’n>' <E21)
Therefore,
1 1

@nJrl(PhPQv ~~~7Pn727pn717Pn) =

@n(Pla P27 cey Pn727 Pnfl) - @n(Ph P2v seey Pn727 Pn)

(E.22)

We have shown that both terms of ©,,41 can be written as ©, with different arguments. Combined with

O2(Py, P;) — 0, we have shown by induction the leading order term of the n-gluon loop cancels.
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F Symmetries of the Boson and Fermion Self Energies

In this appendix we show that the real and imaginary parts of the boson and fermion self energies I1(po, p)
and X(po,p) obey specific symmetry relations. The results are obtained exactly, and thus do not depend on
the HTL limit or perturbation series. However, the symmetries should be obeyed at every order in the HTL
resummation. This makes the calculations much easier, as we can use symmetry arguments to argue that

certain terms must vanish. We will show that

Rellr, 1. (po,p) = Rellr 1,(—po, p)
ImIIr 1 (po,p) = —ImIly 1 (—po,p)
ReX(@ (—pg, p) = —ReZ( (po, p)
ReX®) (=pg, p) = ReZ) (pg, p)
% (—pg, p) = Im® (pg, p)

ImZ(S)(—po,p) = —ImZ(S)(po,p). (F.1)

F1 Preliminaries

We start with the effective propagators in the spectral representation in position space (see appendix D).

¢(X) are boson fields, and (X)) are fermion fields:

Dyer(X —Y) = =ib(z0 — yo)([¢(X), 6(Y)]-)
Daan(X —=Y) =160(yo — z0)([¢(X), 6(Y)]-) (F.2)
Sret(X —Y) = —if(zo — yo) [V (X), ¥(Y)]+)

Sad(X =Y) = i0(yo — o) {[(X), ¥ (Y)]+) (F.3)
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where the step function is defined in (A.11).

The following relations between propagators are useful [23] and follow from (F.2) and (F.3):

Diet(X =Y) = Daan(Y — X)
Sret(X —Y) = Saaa (¥ = X) (F.4)
D:et(P) = Dadv(P)

Sret(P) = Sadu(P). (F.5)

Note that (F.5) are obtained by taking the Fourier transform of the first line of (F.2) and (F.3) and then

taking the complex conjugate.

The next step is to rewrite the expectation values of the position space propagators (F.2, F.3) in the
spectral representation. We use the Heisenberg representation [22] and take the expectation value by tracing
over a complete set of momentum eigenstates {|n)} weighted by the Boltzmann operator. We then insert

another complete set of momentum eigenstates {|m)}:

((09(Y)) = Y (nle” M (X)$(Y)In)
= Z<n|67'8HeiP'X(Zg(o)e*iP-XeiP-Yd)(O)efiP.y|n>

= Z<n|6*ﬁH€iP-X¢(O)67iP-X‘m><m|eiP-Y¢(O)efiP.y|n>

n,m

= 3 e B P XY (6 0) ) ] (0) ) (.6)

n,m

Interchanging X and Y we obtain

b(V)o(X)) = e PPre i PemPr) (XY (] 5(0)|m) (m](0) ). (F.7)

Switching m and n in (F.7) and combining with (F.6) gives
([0(X), 0(Y)]-) = D _le P — e e =P X0 (] 5 0) ) (] 5 0) ). (F.8)
The corresponding calculation for fermions is similar:

([W(X), B(Y)]4) = Y _[e P 4 e7FFme =B X0 (0) [m) {m[h (0) ). (F.9)

n,m
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Our strategy is to use (F.2) and (F.3) to determine if the propagator is even or odd under the transfor-
mation pg — —pg. We will then use the Dyson equation to determine the symmetries of the self energies

with respect to pg.

F2 Boson Self Energy

In this subsection we will determine the symmetry of the real and imaginary parts of the boson self energy

under pg — —po. Using (F.4), we take the Fourier transform of the imaginary part of the retarded propagator:

Ci(po) = 2iImD,(P) = / dYX = Y)e"XY)(D, (X —Y) — Dago(X —Y))

=i [[aH(X = ¥)eT O 6 — o) + B0 — 20)) [9(X), 6]
=i [ =y ) T e B e P ) ] (0) ) il 0) )

= —iy [e7 PP — e PP (54 g — i) (po + En — Ein) (n|é(0)[m) (m|$(0)|n).  (F.10)
Now consider the transformation pg — —pp:
Ci(=po) =i [e7PFn — e P8 (5 + bl — pi)8(po — En + Epn) (n]$(0)[m) (m|(0)|n)

= —iy [e7PPm — e P (54 g — i) 3(po + En — i) (n]6(0)m) (m|¢(0)|n)

— —Ci(po)- (F.11)

Note that in the second line we switched the indices m and n to get back to our original C;(pg). We have
also made use of the fact that the 3-momentum delta function and matrix elements are not effected by this
switch due to rotational symmetry.

Therefore, the imaginary part of the retarded boson propagator is odd with respect to pg:

ImD,ct(po, p) = —ImDyet(—po, p)- (F.12)

Now consider the real part of the boson self energy. This calculation is more complicated than the one for

the imaginary part due to the fact that the step functions do not combine as they did for the imaginary
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part:

Cs(po) = 2ReD,er(P) = / dH(X = Y)e" XDy (X = Y) + Daao(X = Y))
= —z’/d4(X —Y)e'” X (00 — yo) — 0(yo — m0)) ([6(X), (Y)])

1 . oo —i7(x0—Y0) iT(x0—Yo)
- 7/d4(X —Y)e“"'“*”/ dT[e -

2m T41in T+1n
D LB — em BB B = X (0] (0) im) (m| 6 (0) | m)
1 [* d
=gr | 2l IS B = ) lO(O) ) mig(O)m)
’ [5(170 +E, — En— T) - 5(170 +E, — En+ T)] (FIS)

Switching the dummy variables m and n in the second energy delta function term of (F.13) and noting that

the matrix elements and 3-momentum delta function are not affected,

Calon) = 5 [ = S e PB4 i — i) (a0 ) i g(O) )

[06(po — En + Epy — 7) + 6(po + En — B +7)]. (F.14)
Note that the sign switch in the second energy delta function is a result of [e=#%» — e=#Em] being odd under
the transformation m — n.

Now, consider the effect of substituting pg — —po into (F.14):

Calp) =5 _Oo . fm > e — e PEE ([t i — o) (nl$(0)[m) (ml $(0) )

n,m

[6(po+ Ep — Epy +7) 4+ 8(po — Ep + Epy — 7]

= C2(po)- (F.15)
Therefore, the real part of the retarded boson propagator is even with respect to po:

ReDyey (po’p) = ReDret(_p07p)~ (Flﬁ)

Now we will show that the real part of the boson self energy is even and the imaginary part is odd. Using

(F.12) and (F.16)we can express the propagator as

Dret(P) == Deven(p07p) + iDodd(p()vp) (F17)
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where Deyen(po, p) and Dyqq(po, p) are real functions and the subscript indicates the symmetry with respect

to pg — —po. We define the inverse propagator as

Dret(P)71 = Reven(p07p) + Rodd(vap) + iIeven(pOap) + i[odd(p07p)

(F.18)

where Reyen/odd(Po,P) and Ieyenodd(Po,p) are real functions. We will suppress the momentum arguments in

intermediate calculations for brevity.

Using D(P)D(P)~! = 1, we can deduce the symmetry of the real and imaginary parts of the inverse

propagator:

Dret (P)Dret (P)71 =1= (Deven + iDodd)(Reven + Rodd + ileven + iIodd)
= [DevenReven - DoddIodd] + [DevenRodd - Doddleven]

+i[DevenIeven + DoddRodd] + i[DevenIodd + DoddReven]~
This gives us the systems of equations

DevenReven - Dodd—[odd =1

DevenRodd - DoddIeven = De'uen-[e'uen + DoddRodd = DevenIodd + DoddReven =0.

The solutions for Reyen/odd and Ieyen/odd are

Rodd = Ieven =0

R o Deven
even — o | 2
Deven + Dodd
Doaa
Toda =

ngen + ngd .
Therefore, the inverse retarded boson propagator is given by

Dret(P)_l = Reven(pOap) + iIodd(pOap)~

Using the Dyson equation,

Reven(pOap) + iIodd(pO7p) = P2 - m2 - H(p07p)

= P2 — m2 - ReH(pOap) - ZImH(pO’p)
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Reven(pOap) = P2 - m2 - ReH(p()ap)

Ioda(po,p) = —ImlIl(po, p). (F.23)

From (F.23), it is clear the Rell(po, p) is even and ImII(pg, p) is odd with respect to pg — —po.

Thus, we have proven the first two relations of (F.1).

F3 Fermion Self Energy

In this section we determine the symmetries of the fermion self energy. The bare propagator, inverse propaga-
tor and self energy are decomposed in the usual manner (see appendix B). The symmetry of the propagators
can be determined similar to the method used for the boson symmetry relations (F.12) and (F.16). We will

start from [6],

ReA, (po,p) = —ReA_(—po,p)

ImA L (po,p) = ImA_(—po,p). (F.24)

The propagator and inverse propagator are

S(po,p) = A+ (po, p) P-(p) + A—(po, p) P+ (p)

S~ (po,p) = T4 (po,p)P-(p) + Y (po, p) Py (p)- (F.25)

Multiplying the propagator and the inverse propagator and using the relations of Py and P_ (B.27) gives

S(P)S™H(P) =1 =2(A%(po, p)Y-(po,p) + A_(po,p)Y+(po,p))

+ 2707 - B(A+(po, p) Y= (o, p) — A—(po, ) Y+ (po, p))- (F.26)

From (F.26) it is clear that

1
A4 (po,p)T—(po,p) + A_(po,p)Y+(po,p) = By

A4 (po, )Y~ (Po, p) — A—(po,p) Y+ (po,p) = 0. (F.27)

From this point on we will suppress the 3-momentum in the argument, as it will always be p. Breaking down

Ay and T4 into the corresponding real and imaginary components and using (F.27), we end up with four
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equations:

ReA (po)ReT (po) ~ ImA., (po) Y (po) + ReA_(po)ReT (o) — ImA_(po) I (po) = 5
ReA 1 (po)ImY _ (po) + ImA (po)ReY — (po) + ReA_ (po)ImY 4 (po) + ImA_ (po)Re Y (po) = 0
ReA (po)ReY—(po) — ImA 4 (po)ImY _ (po) — ReA_(po)Re Y (po) + ImA_ (po)ImY 4 (po) = 0
ReA (po)ImY _ (po) + ImA (po)ReY — (po) — ReA_ (po)ImY 4 (po) — ImA_ (po)Re Y (po) = 0.

(F.28)

Now, consider the effect of the substitution pg — —pg in (F.28). This gives four more equations which, using

(F.24), have the form

~ReA_(po)ReT_(~po) — ImA_(po) T _(~po) ~ ReA (po)Re 1 (~po) — T, (po) Y (~po) =
—ReA_(po)ImY _(—po) + ImA_(po)ReY _(—po) — ReA (po)ImT 4 (—po) + ImA (po)ReY 4 (—po) = 0
—ReA_(po)ReY —(—po) — ImA_(po)ImY _ (—po) + ReA (po)ReT 4 (—po) + ImA (po)ImY 4 (—po) =0
—ReA_(po)ImT _(=po) + ImA_ (po)ReY —(—po) + ReA (po)Im T (—po) — ImA (po)ReT 4 (—po) = 0.

(F.29)

There are eight equations (F.28 and F.29) and eight unknowns (Re/ImYy(%pg)). Solving the system of

equations we obtain

ReY 4 (po) = —RGT—(_pO)
ImY; (po) = ImY_ (—po)
ReY_(po) = —ReT{ (—po)

ImY_(po) = ImY 4 (—po). (¥.30)
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Now we can determine the parity of the components of the self energy from (B.26) and (F.25):

574 (po.p) = T4 (o) P- + T (p0) P = (po — p — S4(p0)) P + (po +p — - (po)) P-
To(po) = (po+p—S-(20))  T—(po) = (po — p — S (po))

Re(Y+(po)) = po +p — Re(S_(po))

Re(T_(po)) = po — p — Re(S+(po))

Im (Y (po)) = —Im(E_(po))

Im(Tf(PO)) = —Im(2+(P0)). (F.31)

Taking pg — —pp in (F.31) and using (F.30) gives

Re(E_(*po)) = *Re(&r(po))
Re(24(—po)) = —Re(E_(po))
Im(X_(—po)) = Im (2 (po))

Im(34(=po)) = Im (3 (po))- (F.32)
Using (B.25) and (F.32) it is straightforward to show

ReX(® (—py) = —ReX@ (py)
Rez(s)(—Po) = Rex(®) (o)
Imz(o)(—po) = Imx® (o)

ImE®) (—po) = —ImE®) (po). (F.33)

Thus we have proven the last four lines of (F.1).
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G NLO Imaginary (1 loop soft) Photon Self Energy

In this appendix we determine the order of the imaginary part of the (1 loop soft) photon self energy (see
figure 1.4). The integral is obtained using the Feynman rules. Since the loop momentum is soft, we use

dressed propagators, which have the form (appendix D)

w? — k2

2
2me

palw, k) = 56— ) 4 8+ 5)| + 2 = ), (@)

Note that we suppress the momentum argument of w and w4 since it is always k. Using (G.1), the integral

for the (1 loop soft) imaginary photon self energy diagram is

2 00 o'} [eS)
ImlII(go,q — 0) = ;TTQ/ dek/ dw/ dw'(Np(w) + Np(w'))§(E — w — ')
0 —00 — 00
2

<fa(1- ) b + (14 M)Qmw,kmwm

quO 2]17(]0
(w? + w'? — 2k?) 2 , 9 N w?
W r T AN, _ - 1- <
+< T p—(w, k)p_ (W' k) +0(k* —w )4]“18 2

< (149 o+ (1- 2o (G2)

Substitution of py into (G.2) leads to cancellations in the integrand. In this calculation we only include the
pole-cut terms. The cut-cut terms will contribute at the same order. However, if we want to check our result
by expanding in the bare theory, the cut-cut terms correspond to 3-loop terms. Thus, we neglect them here
in order to compare our result to bare theory and check to see if terms were missed. Therefore,

2

el ) = S 6 ) 4 8 ) B2 = )54 )

w? kT ! ’ / ] 2 2
+W d(w' —wy) +0(w +w_)|0(k* —w?)fBe(w, k)
ool R)p_ (' by = 8 ) 4 8+ ) 0082 — )5 )
2me
e / ] 2 2
i d(w' —w_)+ 0w +wy)|0(k* —w?)fBs(w, k)
(- 1) = ) 6+ ) 002 — )5
2my

w/2 _ k‘2
+ - {(5(0/ +wi)+ 0w — w)] O(k* —w)B_(w, k).
2my
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We are interested in the limit as k becomes hard, as this provides the maximal order from power counting.
In the limit £ >> mp, the mode frequencies are (1.4.13):

2
m
wim k55

2k <2k2>
w_mk+ —exp| —5 |.
e ms

The residues of the quasi-particle poles for large values of k are given as (1.4.16) and (1.4.16):

2 2
o1 ME 2k
Zi(k) =14 555 [1 1n<m2F)]

2 2
Z_(k) =~ jnk;Q exp( - fj;)
F F

The residues defined in (1.4.16) tend to zero, thus we neglect any terms in (G.2) with a delta function of

argument (w £ w_). Substitution of (G.3) into (G.2) and neglecting the mass gives

2 0 e} o]
ImII(go,q — 0) = 26?/ kzdk/ dw/ dw'(Np(w) + Np(w'))§(E — w — ')
0 oo oo
— k2

a1~ WZ;;:'Q))?{“;% 3w — w B2 — )5 (' K)

w'? — k? / 2 2
+ 2725(‘# +wi)0(k” — w?) By (w, k)
mg
(w? + w'? — 2k?%) (w2 k2 B > ,
+<1 + 755 o3 0w —wy)0(k* —w) B (W', k)
w/2 _ k2
W(;(W/ —w)f(k* — ) B (w, k)}
F
_(w2+w’2—2k2) 2 w? — k2 > ,
+(1 - st 0+ O )5 )
le _ ]{32
+W(5(w/ +w)0(k? — Wb (w, k)}
F

2 SR mp () Wt AV HEAP.
+0(k* — w?) omE IRE? 1 12 1+k d(w —wi)+ (1 . (w' +wy)| p.

(G.4)
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The two integrations dw and dw’ can be done using the two delta functions in each term of (G.4). We start

by integrating with the delta function from the spectral density:

2 [ed] 2 _ k2 oo
ImII(gp,q — 0) = 26?/0 dekw§m2 [/ duw’
F —00

quO
wi +w? -2k 29(
2kqo

w2 — w'? 2
{4(1 - (+)) 0(k* — w?)B_ (W', k) (Np(w') + Np(wy))d(go — wi — w')

+(1+

+<1 ((.L)/ —|—w+—2k )> 0(k2w/2)ﬂ_(w',k)(Np(w/)+Np(w+))5(q0+w+w/)}

2kqo

00 UJ2 _ w2 2
# [ a1 B 002 - )8 ) (Ne) + Ne(-0)0(00 — w0 2)

+(1 + W) 0(k? — w?) B (w, k) (Ni (@) + Nir(w4))5(E — w — wy.)

+<1 _ M) O(k? — w?)B_ (w, k) (N (w) + Np(—wy)) 30 —w + wy)

2](1(]0

+0(k* — wQ)I;j% <1 - :2) [(1 + :) (Np(w) + Np(w4))d(go —w — wy)

+ (1 - ‘;) (Np(w) + Np(—wy))d(q —w + m} H .

We use the remaining delta function to perform the other frequency integral and drop terms in which the

argument of the step function is negative:

e2 o5} w2 _ k2
ImII(gp,q — 0) = ﬁ/@ k2 dk ;mQ
F

[4<1 _ Wl )> 0(k* = (g0 — w1)*) B (E — wy, k) (Nr(q0 — wi) + Nr(wy))

2kqo

w? —wy)? — 2k? ?
+<1+ T+ (g0 —wi)” — 2k ) O(k* = (qo —w4)?)B4(q0 — wy, k) (Nr(go — wyi) + Np(wy))

2kq0

—1—(1 + g0 ) e - 2k2>> 0(k* — (g0 — w4)?) B+ (g0 — W, k) (Nr(go — we) + Nr(wy))

quO
2

gl k? k

For small masses and k >> qq, using (1.4.13) in [18],

_ ~ MF
B+(q0 W+7k) ~ 4]{13
2

m

B_(qo — w4, k) ~ —L
(q0 + k) 2240

002 — (o)) (1= 20 (14 22 ) (Wi — ) + M),

(G.5)



Substituting (1.4.13) and (G.6) into (G.5) gives

2

e > dk
ImIT(go,q — 0) = 87771%/ ?9(26107@‘ — g5 —2m%) (Np(k) + Np(go — k).
0

(G.7)

We will take the upper limit of the integration to be T' since we know that distribution functions will provide
an UV cutoff. The lower limit is obtained from the step function of (G.7), as the argument must be positive

or else the step function vanishes. Therefore, (G.7) becomes

e2m2 [T dk
ImII(qo,q — 0) = 7F/q — (Np(k) 4+ Np(gqo — k).

8n2  JagtmE K
2q0

(G.8)

Expanding the statistical factor combination of (G.8) in 42, we find that Np(k)+Np(qo—k) ~ 9. Therefore,

2,2 T
e“m4qo dk
Wty

8Tn2 k
a0
ezm%qo 2q0T
~ | . G.9
82T n(q% + 2m%) (G.9)

. . . 82m2 q 1
Therefore, the imaginary part of the photon self energy is of order —=*In <>

€
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H NLO (1 loop hard correction) Calculations

H1 Real, Fermion

In this appendix we will determine the order of the (1 loop hard correction) term for the real part of the
NLO fermion self energy (see figure 1.5). This calculation was done in [18]. We consider ¥(9) and take only

the term with the boson distribution function:

(1 loop hard correction real fermion) x g* / d*kTr[yo K] Dsym (K)Sret (K + Q)

(X92/d4kkosg;nk0NB(ko)§(K2)
K2+ 2K Q+Q2

d*k nkNp(k
9 / Z anQO + qO
9 nk
¢ [araon Y oot
n:Z:i:l 2nkqo(1 + 52)

o<g2/7deB(k)k St By

2
q0 net1 2k 4k
The leading order term is given by
2 kNB g2T2
LOog? [ dk > Ning (H.2)
n=+1 o

which matches the leading order result we previously derived in appendix C3, and the parity of gg is correct.

Now, consider the NLO term. We take the next term from the power series of (H.1):
ENg(k
2nd term o< g2/dkﬂ% — 0. (H.3)
do

(H.3) vanishes under the sum over n, as does any term in the power series from (H.1) that has a factor of
n. It is clear that all terms that have a factor of n vanish under the summation. These terms also contain
even powers of go. This makes sense from a parity standpoint, as we expect the real part of £(%) to be odd

with respect to gp. The NLO term is then given by

kNg(k) ¢? Ng(k 1 1
NLO gQ/dk ;’)( >% ocgzqo/dk Bk:( ) ~ ngoln(E) Ng?’Tln(g). (H.4)

Therefore, the NLO term is gQIH( )(LO) and not g(LO) as we expected using naive power counting. This

result is subleading relative to the (1 loop soft) result. Similar results can be shown for ¥(*) and for terms
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involving the fermion statistical distribution. Therefore, we do not have to include the (1 loop hard) term

in the calculation of the NLO real fermion self energy.

H2 Real, Boson

In this section we consider the real part of a soft, static boson (¢ — 0):

Sgn(ko)Np(k0)5(K2)
(K +Q)?

.. 58n(ko + 90) N (ko + 0)0((K + Q)W
K2 '

(1 loop hard correction real boson) x g* / d*ETr[yo Kvo (K + Q)] [

Evaluating the trace factor gives

9" T Ky (AK)+ AQ))] o< ¢" K (K + Q) Tr[y,7a7 7]
X gHVKa(K + Q)ﬁ[guagvﬁ — GuvYap + g,uﬁgl/a} X g“"[KH(K + Q)u + KV(K + Q)# - gle . (K + Q)]

x K- (K + Q). (H.6)

Substitution of (H.6) into (H.5) gives

_ 2 _ 1.2
(1 loop hard correction real boson) x 92/d4ksgn(k0)NF(kjo)5(K2) [ko(ko +a0) —k Fo(ko = 4o) — F ]

(K +Q)? (K -Q)
Np(k) nkq0 nkqo
8 2/d3k - [ +
9 k ngl 2nkqo +q3  2nkqo — q3
- 1
qu/deF(k‘)k‘ > 1o _"‘10}
n==£1" 2k 2k
_ 2 2
n==+1*
r 2
x gz/dk‘NF(k‘)k' Z 1+ % + ]
n=+1"

It is interesting to note that terms with a factor of n vanished due to the fact that both propagators had
the same statistical distribution, and would have vanished anyway under the summation. These terms also

have a different parity than expected for the real part of the boson self energy.
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Consider the leading order self energy from (H.7):
LO x gQ/dk;k:NF(k:) ~ g*T?. (H.7)

This is the same order we obtained from the leading order calculation of the longitudinal and transverse

boson self energies from appendix C2. Now, consider the NLO contribution:

a 1 1
NLO gQ/dk;NF(k)%) x gzqgln(g) x g4T21n<g> (H.8)

where we used [19] to obtain the logarithm in (H.8). As with the real part of the fermion self energy, the term
of order predicted by [1] vanishes, and as a result the (1 loop hard correction) term is of order g2ln (;) (LO).
Since the (1 loop hard correction) term is subleading relative to the result from the (1 loop soft) diagram,

we can neglect it at NLO.
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I Furry’s Theorem

Furry’s theorem states that the amplitude for a diagram consisting of an odd number of external photon
legs is zero. This can be proven in the following way: consider a diagram with 3 external photon legs (the
general case can be deduced in a straightforward manner). We will be following the strategy presented in
[24]. Consider two diagrams with the same external momenta but with the internal momenta traveling in

the opposite direction.

I = —ig® / KTy, Ky (K + Q) (K + Q1+ QR2)]AK)A(K + Q1)A(K + Q1 + Qo)
Iy = *igg/d%Tﬂ%(*K — Q1= R)N(—K — Q)1 (—K)JA(-K)A(-K — Q1)A(-K — Q1 — Q2).
(L1)

Consider the trace in each term. We can bring out the minus sign to make all of the factors in I'y positive:

Try = Tr[y, (K + Q1 + Q2)n (K + Q1)7.K]. (I1.2)

Now we will use the charge-conjugation operator to simplify I's, where Ug is the charge conjugation ma-
trix. Application of the charge conjugation on the fermion propagators changes the fermion particles to
antiparticles, which travel in the opposite direction of the fermion particles. Note that UcUg 1'=1 and

Tr[A]T = Tr[A] for any matrix A, and U;'v,Uc = —v,;. Plugging in UcU;' into Ty gives:
Tr; = Te[UcUg ' 7UcUq (K + Q1 + Qo) :UcUg ' mUcUs (K + Q1) vUcUg i K ]
= Tr(=1)° [} (K + Q1 + Q2)'v 1 (K + Q1) 7] ) K™
= Tr[K 1y (K + Q1) (K + Q1 + Q2) yiy]”

= Tr[’V;LK’YV(K"’_ LUK + 1+ L2)]

= 7TI'1. (13)

Therefore, Tr; = —Tr; and thus Try; = 0.
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