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We study an ultrarelativistic QED plasma in thermal equilibrium. Plasmons—photon collective

excitations—are postulated to correspond not to poles of the retarded photon propagator but to poles

of the propagator multiplied by the fine-structure constant. This product is an invariant of the

renormalization group that is independent of an arbitrarily chosen renormalization scale. In addition,

our proposal is physically motivated since one needs to scatter a charged particle off a plasma system to

probe its spectrum of collective excitations. We present a detailed calculation of the QED running coupling

constant at finite temperature using the Keldysh-Schwinger representation of the real-time formalism. We

discuss the issue of how to choose the renormalization scale and show that the temperature is a natural

choice which prevents the breakdown of perturbation theory through the generation of potentially large

logarithmic terms. Our method could be applied to anisotropic systems where the choice of the

renormalization scale is less clear, and could have important consequences for the study of collective

modes.

DOI: 10.1103/PhysRevD.100.056020

I. INTRODUCTION

The spectrum of collective excitations is a fundamental
characteristic of any plasma system as it controls thermo-
dynamic and transport properties of the system. In weakly
coupled QED or QCD plasmas, nontrivial plasmon
dispersion relations can be obtained perturbatively at the
one-loop level. Quantities like the plasma frequency and
the screening mass depend linearly on a = e?/4x for QED
or a = ¢*/4x for QCD. However, in both QED and QCD
the coupling constant depends on a characteristic energy or
momentum scale which emerges from the renormalization
procedure—one says that the coupling “runs.” We need to
know the relevant energy scale at which to define the
coupling constant when studying collective excitations.
If the system is in equilibrium, there are two possible scales
to choose from: the momentum of the mode under con-
sideration, or the temperature of the plasma. The situation is
even less clear when we deal with nonequilibrium plasmas,
where spectra of collective modes are often very rich;
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see e.g., Ref. [1]. It is therefore of interest to develop a
method to study this issue for nonthermalized systems.

This subject is extremely important in the context of
quark-gluon plasmas which are studied experimentally
using relativistic heavy-ion collisions. The dynamics of
the plasma is governed by QCD which is asymptotically
free. This means that the plasma becomes weakly interact-
ing at sufficiently high momentum scales, and perturbative
methods are applicable.

We are particularly interested in nonequilibrium aniso-
tropic QCD plasmas, which exist during some early phase of
the evolution of the system that is produced in a heavy-ion
collision. Anisotropic plasmas produce unstable modes, as
discussed at length in the review [2]. These unstable modes
are damped through interparton collisions, but the damping
effect is higher order in the coupling constant. In the
perturbative regime, the damping effect is small and unstable
modes can play an important role. In a strongly coupled
plasma, unstable modes would not have a significant effect
on the dynamics of the system. The physics of the early-stage
plasma therefore crucially depends on whether or not the
regime of asymptotic freedom is reached.

We intend to study this problem systematically in the
context of quark-gluon plasma, both in and out of equilib-
rium. In this paper we will start with the simpler case of a
thermal QED plasma using the real-time Keldysh-Schwinger
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formalism [3,4], which is applicable to both equilibrium and
nonequilibrium systems. Since quark masses are usually
neglected in QCD plasma, we consider here an ultrarelativ-
istic QED plasma where electrons and positrons are treated as
massless. We focus on photon collective modes, which are
called plasmons. To obtain their dispersion relations, we
study the resumed retarded propagator at the one-loop level.

In equilibrium systems, collective modes are usually
studied at the leading order of the hard-thermal-loop (HTL)
approximation [5], which assumes that the system’s tem-
perature is much bigger than the frequency and wave vector
of the collective mode. In these calculations, it is conven-
tional to not consider the effect of the polarization of the
vacuum, since this contribution is subleading within the
HTL approximation. The effective coupling emerges beyond
leading order, as a result of vacuum polarization effects.
In this paper, we will study this issue in a more general
context, with particular emphasis on the question of how the
renormalization scale should be chosen in an anisotropic
system.

To explain the problem, let us discuss briefly the
example of the thermodynamic pressure. A perturbative
calculation produces a series of terms that depend on the
renormalized coupling e(y) and logarithms of the form
In(u/T), where u is the renormalization scale and T is the
temperature. If we choose u =T, we obtain a simpler
expression for the pressure with the logarithms set to zero
and the surviving factors of e(u) replaced by e(T). It is
commonly said that we resum to all orders the logarithm
terms into a running coupling constant which is defined at
the appropriate scale. This has been verified to order e’ (u)
by explicit calculation [6-8]. We also note that if the
renormalization scale y were chosen to be some number
much bigger or smaller than the temperature, the perturba-
tive expansion would break down, due to the appearance of
large log terms. For this reason one says that the choice
u = T prevents the appearance of large logs. The method to
absorb the logarithm terms into the running coupling
constant is discussed in the context of vacuum field theory
in Chapter 18 of Ref. [9]. We emphasize that in the
calculation of a thermodynamic quantity, the only scale in
the problem is the temperature and therefore it is natural to set
the renormalization scale equal to the temperature, as
discussed above. The study of plasmons is more complicated
because more than one momentum scale comes into play.

Physically meaningful quantities should be scale inde-
pendent, but the renormalized photon propagator is not
renormalization group invariant. However, the product of
e*(u) and the propagator is. We therefore postulate that
plasmons correspond not to poles of the retarded photon
propagator but to poles of this product. We stress that this
proposal is also motivated physically, since one needs to
scatter a charged particle off the plasma system to probe its
spectrum of collective photon excitations. The product of
the squared coupling and the propagator has the same

structure as the pressure in terms of its dependence on the
renormalization scale: it is given perturbatively by a series
of terms depending on e(u) and In(u/T) that can be
rewritten by absorbing all log terms into a coupling e(7).

Throughout the paper we use natural units where
h=c=kp=1.Theindices i, j,k =1,2,3 and u, v = 0,
1, 2, 3 label, respectively, the Cartesian spatial coordinates
and those of Minkowski space. The signature of the metric
tensor is (+,—, —, —).

II. RESUMMED PHOTON PROPAGATOR

A. Vacuum propagator

The resumed time-ordered propagator is defined through
the Dyson-Schwinger equation as

(D=1 (k) = (Dg'y™ (k) = T (k). (1)

where IT# (k) is the time-ordered self-energy or polarization
tensor and Dy’ (k) is the free propagator. We consider two
gauges: the general covariant gauge (GCG) and temporal
axial gauge (TAG). In these two gauges the noninteracting
propagators are

GCG: D (k)

T 2
1 k" k¥
TAG: DY (k) = —— v 1
k*n* + ntk¥
- T ), 3
) ®)

where £ is an arbitrary gauge parameter that physical results
should be independent of and the four-vector n* =
(1,0,0,0) defines the reference frame where the gauge
condition is imposed.

In vacuum, gauge and Lorentz invariance dictate that
the self-energy depends only on k? (not k) and that it can be
written as the product of a four-dimensionally transverse
tensor and a scalar function P(k?) in the form

I (k) = (¢ k> — kK"k¥)P(K?). (4)

In GCG inverting the Dyson-Schwinger equation (1) gives

1 kHk* kHk*
D (k) = R =P (g’w— 2 ) te o (5)
and in strict (¢ = 0) TAG we obtain
- 1 . .
—Dj(k) :mTj(k) +WLJ(I(),
(6)
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where we have defined

kik/
k?

kik/
k?’

Li(k)= Ti(k) =67 — (7)
From now on when we refer to TAG we always mean with
the choice of the gauge parameter £ = 0. One advantage of
working in TAG is that the components of the propagator
that have time-like indices are identically zero, and the
components with only spatial indices are decomposed in
terms of two projection operators: one three-dimensionally
transverse, 7'(k), and the other three-dimensionally longi-
tudinal, L(k).

The one-loop vacuum contribution to the self-energy can
be calculated in Euclidean space using dimensional regu-
larization. The procedure is standard and the result can be
found in many textbooks; see e.g., Chapter 11.2 of
Ref. [10]. Rotating back to Minkowski space gives

P(k*) = —;—; E (é—y) +/Oldxx(1 —x)

Xl“(#m)]’ ®)

where M is amass parameter introduced by the regularization
procedure. The parameter o is related to the dimension d
of the momentum space through d = 4 — 26, and y =~ 0.5772
is the Euler-Mascheroni constant. In the formula (8) we keep
a finite electron mass m,, as is usually done in vacuum QED.
We note that when k%> < 0 the argument of the logarithm is
positive definite and P(k?) is real and analytic. When k*> > 0
the logarithm has a branch cut when its argument becomes
negative. The maximum value of the factor x(1 — x) forx €
[0, 1] is 1/4 and therefore the branch cut begins at k> = 4m2,
which is the threshold for particle-antiparticle production.
The sign of the imaginary part is determined by including the
appropriate infinitesimal imaginary regulator.

B. Medium propagator

Thermal field theory can be formulated in a Lorentz
covariant way [ 1 1]; nevertheless there is a preferred reference
frame in the problem which is the rest frame of the heat
bath, which we define with the four-vector n* = (1,0, 0, 0),
as in Eq. (3). The reason TAG is particularly useful at finite
temperature is that the gauge condition is imposed in the rest
frame of the heat bath.

An arbitrary symmetric tensor can no longer be decom-
posed in terms of the coefficients of two tensors, and we
must extend the basis to include four independent tensors.
Using the notation of Ref. [5] (see Sec. 5.2.2), we introduce

the four-vector
k" kY
it = (gw e ) (9)

TABLE 1. Multiplication table for the tensors defined in
Eq. (10).
A E B C
A A 0 0 0
E 0 E 0 C
B 0 0 B C
C 0 C C -k*(B+E)

which is the component of n” transverse to k*, and define

k¥ nhny nhnY
ARy =g - I gy = 20T
(> g K2 n% (> n%
W2z

CH (k) = k'nY + nipk?, E" (k) =

P (10)
The sum of A and B is the four-dimensionally transverse
tensor

k* k¥

AR () + B (K) = g ==

(11)
The tensors A and B are individually four-dimensionally

transverse, and A is three-dimensionally transverse. We
note for future reference the relations

Tii (k) = —A¥ (k),

i, Ko k2 . .

Li(k) = ——Bi(k) = — Cli(k) = — EU(k). (12
10 = =3 BIK) = =5 1z O/ =1 B0 (12

The full multiplication table for the tensors (10) is shown in
Table I.

The polarization tensor is four-dimensionally transverse
(due to the Ward identity) and therefore IT*“(k) can be
decomposed using only the tensors A and B as

[ (k) = 7 (k)A# (k) + TIE (k) B* (k), (13)
where the indices 7 and L indicate the scalar coefficients of
the tensors that are three-dimensionally transverse and
longitudinal, respectively.

We will calculate the retarded polarization tensor. We note
that the Dyson-Schwinger equation (1) gives the resummed
retarded propagator in terms of the noninteracting retarded
propagator and retarded polarization tensor, without cou-
pling to other causal structures (which is not true if one works
with the time-ordered propagator). Decomposing the free
propagator in terms of the tensors (10) and inverting the
Dyson-Schwinger equation (1) gives the propagator in GCG

D (k) = DT (k)A™ (k) + D" (k)B (k)

¢

— _E*(k),
+k2+ik00+ (k)

(14)
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and in TAG

2
= DT (k)T (k) + %DL(k)LU(k), (15)

~Dii(k)

where

1

D0 = ey

(16)

The positions of poles of the photon propagator should be
independent of the chosen gauge and the formulas (14), (15),
and (16) are clearly consistent with gauge independence. In
either gauge, a transverse plasmon is found as a solution of
the dispersion equation k> — 17 (k) = 0 and a longitudinal
plasmon is the solution of k* — TTX (k) = 0.

In the next section we will show that the retarded
polarization tensor can be divided into a vacuum piece,
and a medium contribution that vanishes in the limit that the
distribution function goes to zero. We write

T (k) = TGe (k) + Mg (K), (17)
with
HZac(k) = Heac(k) = kZP(kZ)' (18)

We comment briefly on the fact that we have discussed the
time-ordered vacuum polarization tensor in Sec. Il A, while
in this section we work with the retarded polarization tensor
which is directly relevant to the study of collective modes.
The time-ordered vacuum polarization tensor can be Wick
rotated to Euclidean space where we can perform the
dimensional regularization. On the other hand, the Dyson-
Schwinger equation defined on the Keldysh-Schwinger
contour can be most easily solved for the retarded polariza-
tion tensor, as explained above Eq. (14). In Sec. IV we will
need to combine the vacuum and medium contributions to the
self-energy, but this is straightforward because the real parts
of the time-ordered and retarded self-energies are equal to
each other [5], and the imaginary parts are finite and play
no role in our calculation. In Egs. (17) and (18), and all
following equations, it should be understood that IT.;% (k)
will be assigned retarded boundary conditions.

Using Egs. (17) and (18), we can rewrite the transverse
and longitudinal contributions to the propagator (16) as

1

PR = E ) -

med

In the vacuum limit Hmed(k) — 0 and using Eqgs. (11) and
(13) we recover the usual form for the vacuum polarization
tensor (4). We see also that Egs. (14) and (15) reduce to
Egs. (5) and (6). In addition, we have from Egs. (15) and (19)
that in vacuum the coefficient of the three-dimensionally

transverse tensor has a pole when k> = 0, but the coefficient
of the three-dimensionally longitudinal tensor has a pole at

= 0. Physically this tells us that in vacuum there is no
propagating three-dimensionally longitudinal mode, and
the appearance of these modes is a medium effect.

III. RETARDED POLARIZATION TENSOR

Weldon computed [11] the real part of the time-ordered
polarization tensor of an ultrarelativistic QED plasma, which
equals the real part of the corresponding retarded polarization
tensor. He obtained the leading HTL contribution and the
next-to-leading-order contribution from the one-loop dia-
gram. We have calculated the real part of the one-loop
retarded polarization tensor, to next-to-leading order. We
apply the Keldysh representation of the real-time formulation
of statistical field theory. Our method does not explicitly
require the use of thermal distribution functions, and we
expect it to be generalizable to anisotropic systems that can
be described by a distribution function which has the same
asymptotic form as a thermal distribution. We have shown
that in equilibrium our method reproduces the result of
Ref. [11]. Our calculation is described in Appendix A, and
further details can be found in Refs. [4,12]. A related
calculation was done recently using an on-shell effective
field theory approach [13,14].

The retarded polarization tensor is

p 1-2
H"”(k)—ZeZZ/ i l';’i (pD

n==+1
2ptp¥ + p"k” +Kk'p—g¥p-k
(p+k)* +i(po+ ko)OT

, (20)
po=n|p|
where ns(|p|) = (e/P//T + 1)7! is the distribution function
of massless fermions.

The vacuum and medium contributions can be easily
separated in the expression (20) as required by Eq. (17). The
real part of the vacuum piece is ultraviolet divergent and must
be renormalized. In Sec. I A we have renormalized the time-
ordered vacuum self-energy, by performing a Wick rotation
to Euclidean space and using dimensional regularization.
(As already mentioned, the real parts of the retarded and time-
ordered self-energies are equal.) The medium part is ultra-
violet finite due to the distribution function which goes
exponentially to zero as |p| approaches infinity.

The polarization tensor (20) is symmetric [IT*(k) =
I1*#(k)] and four-dimensionally transverse [k, I1* (k) = 0].
According to Eq. (13), such a tensor depends on only two
independent scalar functions, which we have called I17 (k)
and TT*(k) and defined in Eq. (13). The easiest way to
obtain T17(k) and TIX(k) is to calculate the zero-zero
component and the trace of the polarization tensor, and
to use the relations
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7 (k) = 3 (Hﬁ(k) + %Hoo(k)> ,
I (k) = _%HOO(]{) (21)

We have calculated the medium part of the one-loop
retarded polarization tensor to next-to-leading order in the
expansion in (ko/T, |k|/T). We give some details of our
method in Appendix B. To leading order one obtains the
familiar HTL results

212 k k| +
% = (1= O — iz (k2
[ med(k)]LO 3 < 2|k| n |k| _ k() lﬂ@( k ) ’
eT?
[Hﬁ]edﬂ(k)]LO = 3 (22)

The next-to-leading-order (NLO) contributions are

e’k? <\/§k2>’

[H%)ed(k)]NLO = 1222 n

T2
k> [4k?
[Hﬁmdﬂ(k)]NLo =T a2 In (F) . (23)

We note that Egs. (22) and (23) show that there is a nonzero
imaginary part when k%> < 0. This is exactly the opposite
behavior from what was found in vacuum [see Eq. (8)]
where we saw that the imaginary part is nonzero only for
time-like momenta, in which case the virtual photon can
decay into physical final states. For the medium contribu-
tion, the nonzero imaginary part of the self-energy appears
for space-like momenta and corresponds physically to the
scattering of electrons and positrons with momenta of order
T on the low-momentum photon. In plasma physics, this
phenomenon is known as Landau damping. We also note
that the results (22) and (23) agree to next-to-leading order
with those given in Ref. [11].

IV. RENORMALIZATION

Renormalization is usually done by including counter-
terms in the Lagrangian and reexpressing bare quantities in
terms renormalized ones. The divergent part of the counter-
terms are chosen to cancel the divergences in the n-point
functions, and the finite parts are determined by enforcing a
chosen renormalization condition. We write the renormal-
ized propagator

N 1 1
DT’L k, E—DT’L k) = _ ,
n =z O = e rie ) — L w)

(24)

where the first part of the equation defines the renormal-
ization constant Z3, and y is a new scale that enters through
the renormalization condition. We distinguish renormalized
quantities from their nonrenormalized counterparts by

adding hats to the former ones and explicitly showing their
dependence on u. Our renormalization condition is that in
the vacuum limit, where the medium part of the polarization
tensor vanishes, the renormalized propagator with k> — —p?
coincides with the free propagator. This condition can be
enforced by shifting

P(R2) = P(R.) = P(®) = P(~2).  (25)

which gives ITix. (k) lr——,» = 0 and provides the renormal-
ization constant as

Zy(n) = 1+ P(=p%). (26)

We note that to obtain the results in Sec. III for the
medium contribution to the self-energy we set the electron
mass to zero, because we are interested in an ultrarelativ-
istic plasma where the electron mass is assumed negligible
compared to the temperature. In the vacuum calculation
that we are discussing here, we must therefore also set
m, = 0 for consistency. The m, — 0 limit is conventional
in the vacuum calculation anyway, because the integrals
that are calculated are dominated by their ultraviolet
contributions. With m, = 0 Egs. (8) and (25) give

P B e? —k?

Pk, p) = 12ﬂzln(ﬂ2 )
We mention again that the argument of the logarithm in
Eq. (27) indicates that the self-energy has an imaginary part
for k> > 0, which means physically that a virtual time-like
photon can decay into physical final states. Using retarded
boundary conditions we take k> — k* + ik,0" and rewrite
the formula (27) as

(27)

62 2
Pk, ) = e {m('%') — in®(k*)sgn(ky)|. (28)

Substituting the expression (28) into Eq. (24) provides

D" (k. )
1

[ =54 (In(5)) - iz®(k2)sgn (ko)) — T2 (k)
(29)

9’

where the medium contributions are given in Egs. (22) and
(23). The coupling constants in Eq. (28) are renormalized
coupling constants (which are defined in the next section)
and should be properly written as a function of the scale p.
This is made explicit in Eq. (29), and the coupling constants
in the medium contribution in this equation should also be
taken to be renormalized coupling constants. Using Egs. (22)
and (23) and replacing é%(u) by 4za(u) we obtain

DT (k.p) = . (30)

1= n(3)] - (o™ (k)

T
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where 7#7L(k) indicates contributions without potentially
large logarithmic factors, which are therefore of no interest to
us. We stress that z7-F (k) are defined so that they do not
include the overall factor &(u), and should not be confused
with TITL (k).

V. RENORMALIZATION GROUP INVARIANT
AND COLLECTIVE MODES

We postulate that collective modes correspond not to
poles of the photon propagator but to poles of the photon
propagator multiplied by the fine-structure constant a.
One motivation is that physical quantities should be inde-
pendent of the renormalization scale y, and the product
a(u)D"T(k,p) is a renormalization group invariant, as
discussed at length in Chapter 9 of the classical text [15].
Our idea is also motivated physically: to probe a photon
collective mode one needs to scatter a charged particle off
the plasma system. The charge should therefore be consid-
ered together with the propagator from which the collective
mode will be determined.

In vacuum it is natural to choose the renormalization
scale to be equal to the momentum scale \/|k?|, which is
the only physical scale available. We will show below that
at finite temperature one should choose u = T.

We start by deriving the equation for the running coupling
constant, which describes how the coupling constant evolves
with the scale at which it is defined. To satisfy the Ward
identity the charge must be renormalized using the previ-
ously introduced renormalization constant Z;(u) given by
Eq. (26)

a(p) = Zs(u)a. (31)
Since the bare coupling constant on the right side of Eq. (31)
is independent of y, the evolution of &(u) is determined by
the equation

da(p)
— = , 32
Ly Bu) (32)
where the beta function is defined as
dZ;(u) a(u)
pu)=p——~. 33
(k) du  Z(n) (33)

Using Eq. (26) together with the formula (8), the well-known
beta function at the one-loop level is found as

2,
Plu) = -0 (), (34)
V3
and the solution of the evolution equation (32) equals
N a(po)
a(u) = —5——-, (35)
1 — 2) | (1)
¥/ /,{0

with the famous Landau pole structure.

Equations (24) and (31) clearly show that the product
a(u)DTE (k, u) is a renormalization group invariant. We see
this explicitly by writing

- a(u) 1
Au)D (ko) = W) 1 (12) K2 = () ()
= &(T) 1 (36)

where the first line is obtained using Eq. (30) and the
equality holds up to O(&?). The factor &(T) in the second
line comes from Eq. (35), which also makes it clear that
the remaining factor &(u) can be written as @(7') since the
difference between these two quantities is of order &>, and
we have already dropped terms of this order. Equation (36)
therefore becomes

a(pu) DT (k, ) = 12— a(T)n L (k) = a(T)D"* (k. T),

(37)

which shows that the natural renormalization scale of
collective modes in the thermal plasma is the temperature.

VI. CONCLUSIONS AND OUTLOOK

We claim that dispersion relations of plasmons should
not be calculated by finding the poles of the retarded
photon propagator, but rather by finding poles of the
propagator multiplied by the fine-structure constant. This
product is a renormalization group invariant, as the ampli-
tude of a physical process should be. We have given a
physical argument to use this product to define plasmons.
We have also shown that the statement that &(u) D" (k, y)
is a renormalization group invariant is equivalent to the
statement that the polarization tensor is given perturbatively
by a series of terms depending on &(u) and In(%) that can be
rewritten by absorbing all log terms into a running coupling
a(T) using Eq. (35).

We are going to extend the analysis presented in this
paper to the case of fermionic collective modes in QED
plasma, which are conventionally determined by the poles
of the retarded electron propagator. In this case however,
the propagator multiplied by the coupling constant is not a
renormalization group invariant, but instead, the quantity
that is independent of the renormalization scale is the
product of the electron propagator and the vertex function.

Our ultimate goal is to study collective modes of QCD
plasma, with a particular emphasis on anisotropic systems.
The structure of anisotropic plasmas is much more com-
plicated and the choice of the renormalization scale is not
clear, but our method is rather general and hopefully can be
applied to such a system.
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APPENDIX A: RETARDED
POLARIZATION TENSOR

In this Appendix we give some details of our calculation
of the one-loop retarded polarization tensor (20). We work
in the real-time formulation of finite-temperature field
theory, using the Keldysh representation. The one-loop
contribution to the retarded polarization tensor can be
found rather easily starting with what is often called the
1-2 basis; see e.g., Sec. IVA of Ref. [16], but we sketch
here a more general method reviewed in Ref. [4] which is
applicable to multiloop diagrams.

The electron propagator is a 2 x 2 matrix of the form

G:<Grr Gra> :<Gsym Gret>’ (A])
Gar Gaa Gadv 0

where the retarded, advanced and symmetric propagators
are given by

Gret( ) (ﬁ‘f’ me)r(p)’
GddV( ) (ﬁ+ me)a(p),
Gaym(p) = (F+m.)f(p). (A2)
with
_ 1
P) = T T ¥ 0 selpa)
a(p) = !
P = mE Zi0Tsen(py)”
f(p) = =2xi[(1 - 2ns(p))O(po)
+ (1 =277(=p))O(=po)l6(p* = m7),  (A3)

where n,(p) and 74(p) are the fermion and antifermion
distribution functions. The self-energy has the form

Hrr Hra 0 Hadv
m= - (A4)
I, I, et IIsym

and the vertex function is a 2 x 2 x 2 tensor which can be
written as

= —iey"( {Frrrv l—‘rra} {Fmrv Iﬂraa} )
{Farrv ara} {Faarv Faaa}

() o))

The contribution to the retarded self-energy from the
one-loop diagram is

(AS)

i (k) = il (k)

_(—ie)2 /d4p )

wyjj

X Giy(p + k)G (p)r'Tyyp.  (A6)

The sum over Keldysh indices {i, 7, j, j'} € {r, a} is easily

done because G,, = 0 and a vertex function with an odd
number of «a indices vanishes. The result is

2 d4
(k) = 15 [ SEml e m,)

x [f(p)r(p + k) +a(p)f(p + k)]

7K+ p+m,)]

(A7)

From this point on we assume that the system is in thermal
equilibrium, we set the electron mass to zero, and we take
ny(p) =ns(—p) = (eP/T 4 1)1, Performing the trace
over gamma matrices, and changing variables to combine
the two terms in the square brackets in Eq. (A7), one
obtains

d4
e (k) = 4i€2/ p4 2p*p¥ + pHkY + k' p¥
(27)

(P +B)]f(p)r(p + k).

—g“p (A8)
It is straightforward to perform the integral over p, using
the delta function in the symmetric propagator [see
Eq. (A3)]. The resulting expression for the photon self-
energy is given in Eq. (20).

APPENDIX B: MEDIUM CONTRIBUTION

We present here some details of our calculation of the
medium contribution to the retarded polarization tensor in
Eq. (20). The integrals of interest are

1 /1
— / dxI%,
24

Mo, (k) = — 2% / dplipln,(p) "

n==+1
(B1)
" 26 v
g, (k) = —— d|P||p|nf pl) Z ldxl o
n= il -
(B2)
with 5
700 — n|plko +2p* +p -k
2(n|plko — p - k) + k> 4 in0*’
» o= 2(n|p|k0_pk)
“7 2(nlplko —p - k) + k> + in0’
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p-k

where x = /m. To calculate %, (k) and IT; ., (k) to

leading order we expand I and ¥, in (ko/|p|, |k|/|p|)
which gives
2p%k?

(2n|plko —2p - k + in0*)?

2p% + n|plko +p -k
2n|plko —2p - k + in0*’
[ 2|k |x — 2nk,

MO T Dnky — 2|K|x + in0F

00 _
ILO__

Performing the x integral gives the familiar HTL results (22).
As a check of our notation we observe that Eq. (21)
shows that
k2

lim = lim B3
k=0 k> —TIE (k) ko0 k? (k2 4+ 1% (k)) (B3)

and from Eq. (22) we find the pole at imaginary |k| = imp
that corresponds to the screening mass m3 = e>T>/3.
We find the NLO contribution from
2e?

oK) = =5 [ dipllpln(p)

y b;l% /_ :dx(I—ILO)} (B4)

The square brackets in Eq. (B4) will be denoted y* or
try. There are two kinds of terms in the integrand: those
of the form (A — Bx + i0")~!, and those with the form
(A—Bx+i0")™2. We separate the contributions from
these two types of terms by writing y% = 4% + 3 and
try = try; + try,. It is straightforward to show that y3° = 1
and try, = 0. Performing the x integral for the type 1 terms,
we obtain

00 _

. 1 = [(pl =)ol =)

2pl(o- @
x (In(jp| — @_ +i07) —In(|p| — w, +i07))
= (Ipl + @-)(Ip| + @) (In(jp| + @_ +i07)

—In(p| + @, +i07))], (BS)

w_w,
pl(o- — o)
—In(|p| + @_ +i07) — In(|p| — @, + i0")
+ In(|p| + @, + i07)],

ty, = (In(|p[ - &_ +i07)

(B6)

where we have defined w,. = (ky + |k|)/2. We rewrite the
arguments of the logs using the relations

Ip| — @i +i0" = |p| - ws +i07 F [k,
Ip| + o +i0" = |p| + 0z + 07 £ K|,

and expanding the logarithms in |k|/(|p| £ @+ + i0"),
Egs. (B5) and (B6) become

o_(w, —w_)
4(p* — w* +i0")
(0-—0.) 0+ 0,)

12(p? — 202 + i0T)

o (0, —w_)
4(p? — wt +i0")
(0_ = 0,) (0 +20,)
12(p? = 2w1i0")
(B7)

A =-1-

W_w W_w
p?— 2 +i0" p?-ao? +i0""

ty = - (B8)

The term —1 on the right side of the first line in Eq. (B7)
cancels the contribution from y%°. The remaining terms in
Egs. (B7) and (BS8) are substituted into Eq. (B4).

The last step is to perform the remaining integral over
pl. We use the identity ny(|p|) =, (p]) — 2, (2Ip]),
where n(|p|) and n,(|p|) are fermionic and bosonic
equilibrium distribution functions, and rescale variables
so that all terms have a factor n,(|p|). Finally we take the
real part of each self-energy component and use

&) 1 1. [71?
[ dwlpinatiph Pt = = 1]+ e
where M is assumed positive and real, and the dots indicate
terms higher order in M/T. The final next-to-leading-order
result is given in Eq. (23).
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