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Off-diagonal kinetic theory in ultrasoft momentum region at high temperature
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We derive a linearized kinetic equation for fermionic excitations with an ultrasoft momentum, ng,
from the Kadanoff-Baym equation in a Yukawa model and quantum electrodynamics (QED) at extremely
high T, where g is the coupling constant. We show that this equation is equivalent to the self-consistent
equation in the resummed perturbation theory used in the analysis of the fermion spectrum with the
ultrasoft momentum at the leading order. Furthermore, we derive the equation that determines the n-point
function with external lines for a pair of fermions and (n — 2) bosons with ultrasoft momenta in QED.
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I. INTRODUCTION

Relativistic plasmas at extremely high temperature T
such as electron and/or quark-gluon plasma are expected
to be realized in the early Universe and the experiments of
heavy ion collisions at the Relativistic Heavy Ion Collider
and Large Hadron Collider. These systems have multi-
energy scale at weak coupling (g < 1) even at so high T
that all mass scale in the Lagrangian is negligible; e.g.,
typical energy of particles is of order 7', while the energy of
the bosonic and fermionic collective excitations called
plasmon [1] and plasmino [2] is of order g7, and the
fermion damping rate in gauge theories is of order g>T
[3]. These energy scales, T, g7, and ng, are called hard,
soft, and ultrasoft scales, respectively.

Unlike perturbation theory in the vacuum, the loop
expansion at finite temperature does not correspond to
the coupling nor 7 expansions, and the scale dependent
expansion is necessary (Fig. 1). When the energy scale is
gT, the one-loop approximation obtained by integrating
out hard internal momenta, called hard thermal loop
(HTL) approximation [4], is reliable, and the approxima-
tion establishes the HTL effective theory [5]. If the
energy is of order or much less than g7, some resum-
mation’ is necessary [6—12]. Here let us focus on the
analysis for the fermion propagator with an ultrasoft
momentum. The resummation scheme used in the analy-
sis of the fermion propagator consists of the following
procedures [6,8]:

(1) Resumming the thermal mass and the decay width

of the hard particles.

(2) Summing all the ladder diagrams (in gauge theory).
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"This resummation [6-12] is different from the well-known
HTL resummation, which is the resummation for the contribu-
tion from soft-internal momenta [5].
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By analyzing the fermion propagator using the resummed
perturbation theory, a novel fermionic excitation was
found [6,8].

Each perturbation scheme with soft and ultrasoft mo-
menta can be interpreted as different kinetic equations.
When the energy is soft, the effect of collisions is negli-
gible and hence the collisionless kinetic equation called
Vlasov equation is valid [13]. This equation corresponds to
the HTL approximation [4] introduced above. When the
energy is of order or less than g7, the effects of the
interaction among the hard particles are no longer negli-
gible in general, so it is necessary to take into account their
effects even if the analysis at the leading order is per-
formed. In fact, the analysis on the gluon self-energy
with an ultrasoft momentum should be performed with
the resummed perturbation theory including the effect of
collisions, and it was done by constructing the linearized
Boltzmann equation [7]. The computation of transport
coefficients, whose energy scale is much smaller than
g’T, is also performed with the resummed perturbation
theory [10], the linearized Boltzmann equation [11], and
the n-particle irreducible formalism [12,14]. These meth-
ods produce the same result in the leading order of the
coupling constant. Using the correspondence between the
perturbation theory and the linearized kinetic theory,
the self-consistent equation in the resummed perturbation
theory is interpreted with the language of the kinetic
theory.

In this paper, we derive a generalized and linearized
kinetic equation for fermionic excitations with an ultrasoft
momentum, which we will call the ““off-diagonal” kinetic
equation later, in the Yukawa model and QED, while the
Boltzmann equation discussed above is employed for bo-
sonic excitations. Our equation is systematically derived
from the Kadanoff-Baym equation, and is equivalent to the
self-consistent equation in the resummed perturbation
theory [6,8] used in the analysis of the fermion propagator
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FIG. 1 (color online). The correspondence between the re-
summed perturbation theory and the kinetic theory, and the
fermionic modes obtained from these theories. The vertical
axis denotes the energy scale.

at the leading order. The derivation helps us to establish
the foundation of the resummed perturbation scheme. The
kinetic equation will also give us the kinetic interpretation
of the resummation scheme. Furthermore, we also discuss
the procedure of analyzing the higher point functions not
only two-point function of the fermion in QED.

This paper is organized as follows: Section Il is devoted
to the derivation of the generalized and linearized kinetic
equation and the discussion of the kinetic interpretation of
the self-consistent equation in the resummed perturbation
theory in the Yukawa model, which is the simplest fermion-
boson system. In Sec. III, a similar analyses in QED is done
in the Coulomb gauge. We make concluding remarks
and summarize our results in Sec. IV. In Appendix A, we
evaluate the structure of the induced source terms. We
analyze the Kadanoff-Baym equation that would yield
the linearized kinetic equation in the diagonal case in
Appendix B. Appendix C is devoted to showing that the
temporal component of K*(x, y) introduced in Sec. III can
be neglected. We show that the result obtained in Sec. III is
valid also in the temporal gauge, which is the gauge fixing
of the original paper [8] of the resummed perturbation
theory, in Appendix D.

I1. KINETIC EQUATION IN YUKAWA MODEL

In this section, we derive a novel linearized kinetic
equation from the Kadanoff-Baym equation in the
Yukawa model, which is the simplest model for fermion-
boson systems. We will find the vertex correction is
negligible, which makes the analysis simpler than that in
gauge theories. Next, we show that the kinetic equation is
equivalent to the self-consistent equation in the resummed
perturbation theory [6,9], and discuss the interpretation of
the self-consistent equation using the correspondence to
the kinetic theory.

A. Derivation of the kinetic equation

Throughout this paper, we work in the closed-time-path
formalism [15,16]. We perform the derivation of the ki-
netic equation in a similar way used in [13,15] by applying
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the gradient expansion to the Kadanoff-Baym equation
[17] and taking into account the interaction effect among
the hard particles in the leading order.

Let us consider the following situation to analyze the
fermionic ultrasoft excitation: Before the initial time #,, the
system is at equilibrium with a temperature 7. Then, a
(anti-) fermionic external source n(x) (7(x)) and a scalar
external source j(x) are switched on. As a result, the
system becomes nonequilibrium. We will consider the
case that j(x) and 7(x) vanish and 7(x) is so weak that
the system is very close to the equilibrium, i.e., the linear
response regime. Concretely, we will retain only the terms
in the linear order of the fermionic average field ¥ in the
fermionic induced source, which will be introduced later.

Let us consider the generating functional in the closed
time formalism [15],

2 m, 7] = jmmwel‘s, @.1)

with
S — fc A LIS, o, B (o + b+ 39)] 22)

where ¢ and i are the scalar and the fermion fields. The
space-time integral is defined as [.d*x = [.dx° [ d*x,
where [ dx" is the complex-time integral along the con-
tour C = C*" U C~ U in Fig. 2. We will take t, — —o0
and 7, — oo to factorize out the contribution from the path
C%. The Lagrangian in the Yukawa model with the mass-
less fermion and boson has the form,

LI¢, b, ] =304 $)* + $i(d + igp)y,

where we did not take into account the self-interaction of ¢
such as A¢* for simplicity. By performing an infinitesimal
variation with respect to ¢ or ¢ in Eq. (2.1), we obtain the
following equations of motion:

iP [PV (x) = n(x) + ing(x),

(2.3)

(2.4)

— 9?P(x) — gPP(x) = j(x) + jina(x), 2.5)

where @ = (¢) (¥ = () is the expectation value of the
scalar (fermion) field, and P [®P] = 3, + ig®(x). Here the
expectation value for an operator O is defined as
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FIG. 2. The contour path C in the complex x° plane.
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(0) = % f DD Dipes O, 2.6)
Nina(X) = g(d() P (x)e (ina(x) = g(¢h(x) P (x)).) is the
fermionic (scalar) induced source, and the subscript ¢
denotes “‘connected,” i.e., (d(x)f(x)), = (d(x)y(x)) —
D(x)W(x).

By differentiating Eq. (2.4) with respect to j(y) and
Eq. (2.5) with respect to 7(y), we obtain

BIPIK G y) — gDl W) = i 22 (o)

3j(y)

Ky, x) — (PP P () + Sy, 0) ¥ (x)
.6 Jina(X)
=i 570 (2.8)
Here we have introduced the following propagators:

Dlx ) = Teddo). = i2 | (29)

8j(y)
S 1) = T @ieN. =222 @10

87 (x)

K(x,y) = Teh @), = i) = ;220 o

. =1 — ’
8j(y)  onx)
where T, means the path ordering on the complex-time
path C; explicitly,

D(x))’) = HC(xoryO)D>(x’y) + 9c(y0,x0)D<(x’J’);

S(-x) )’) = HC(XO)yO)S>(x’y) - ec()’oy x())S<(x, y); (212)

K(x,)’) = HC(XO,yO)K>()C,y) + 0C(y0rx0)K<(x’y)r

with
D™ (x,y) = (p(x)p ()., (2.13)
D=(x,y) = (¢(»)p ()., (2.14)
§7(x,y) = (PP (2.15)
§<(x, y) = (P P)e, (2.16)
K= (x,y) = (¢ x)d())e (2.17)
K=(x,y) = (¢ ¢ (x))e (2.18)

and 6(x, y) being the step-function along the path C. In
the approximations introduced later, we can see that
K~ (x, y) and K=(x, y) coincide, which can be checked by
K®(x,y) = i0(x% y)[K~(x,y) — K=(x,y)] = 0. For this
reason, we simply write these two functions as K(x, y)
from now on. We call K(x, y) “off-diagonal propagator,”
which mixes the fermion and boson, while we call D(x, y)
and S(x, y) “diagonal propagators.”” As will be seen in
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Sec. II C, in the calculation of the ultrasoft fermion self-
energy, the off-diagonal propagator is more relevant than
other diagonal ones.

By setting xX € C* and y* € C~ in Egs. (2.7) and (2.8),
we obtain

8 Mina (x)
8j(y)

— 2K(x,y) + g(PONYG) P (x). + S<(x, »)P(y))
8 jina(y)
o7(x)

Here we have interchanged x and y in the second equation.
Let us evaluate the right-hand side of Egs. (2.19) and (2.20)
using the chain rule:

8 Mina(¥) =[ 7 (5771[1(1(16) 8V (z) | OMina(x) 5‘I’(Z))
8j(y) c 6W(z) 6j(y)  6P(z) 8j(y)

— [C d*2(3(x, DK (2 y) + E(x, 2D, y)).
(2.21)

=1 (2.20)

ajind(y) _ [ d4 (5@(1) Sjind(y) +
C

. 8V (2) 5jind()’))
a7 (x) 87(x) 8D(z)

87(x) 8V(z)

= [C d*z(I1(y, 2)K(x, z) + S(x, 2)5(z, y)).
(2.22)

Here we have dropped (67,,y/6W)(8W¥/6j) and
(8Jina/OW)(6W/67) since they contain more than one
fermionic average field. We have also used 3(x, y) =

—i0Ming(x)/8W(y) and II(x,y) = —i8jing(x)/6P(y) =
II(y, x), where 3 (II) is the fermion (scalar) self-energy
[7,15]. We also introduced the off-diagonal self-energy,

E(x,y) = =idipa(0)/8P(y) = —i8 jina(y)/ V().
The self-energies are decomposed for arbitrary x° and y°
on the time path C:

I (x,y) = 0c(x° YOI~ (x, y) + 0% xOIT=(x, y),
(2.23)

36 y) = 0c(xy)37(x, y) — 000 202 (x, y),
(2.24)

E ()C, J’) = 9C(XO: yO)E>(xr )’) + 0C(y0’ XO)E<(X’ J’)
(2.25)

We have not taken into account contact terms, which is
negligible in the leading order as will be seen later. From
Egs. (A1), (A7), (A7), and (A8) in Appendix A, we can
rewrite Egs. (2.19) and (2.20) in terms of real time integral
instead of that on the complex-time path:
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ip[PIK(x, y) — gD~ (x, y)¥(x)

_ f_"" H2(3R(x, DK (2, y) + 5R(x, D (2, ),

(2.26)
— HK(xy) + gS=(x, )T(Q)

= [jo d*z(IT' (z, y)K (x, 2) — S=(x, 2)5R(z, y)),
(2.27)

where the retarded fermion (advanced scalar) self-energy
SRx,y) =0 Y27, y) + 35 y)]  (TA(x y) =
—i0(y°, xO)[II” (x, y) — IT=(x, y)]) and the retarded off-
diagonal self-energy ZER(x,z) = i6(x°, O[5~ (x, 2) —
E<(x, z)] have been introduced, and the limits f, — —o0
and f; — oo have been taken. Here we dropped P(y) X
(¥ (y) i (x)). because ((y) ¥ (x)), contains more than one
V. Equations (2.26) and (2.27) are the Kadanoff-Baym
equations from which the kinetic equation is derived.

Let us introduce the Wigner transformation to derive the
kinetic equation, which is defined as

fk X) = f dseits f(X +2x- 5),

> 7 (2.28)

where s=x—y, X =(x+y)/2, and f(x,y) is an arbi-
trary function. After performing the Wigner transforma-
tion, Eqgs. (2.26) and (2.27) become

(—i]( + %X 4 igqb(x))K(k, X) + igD=(k, X)¥(X)
= i(—3R(k, X)K(k, X) — ER(k, X)D<(k, X)),
(2.29)
(kK2 — ik - 0x)K(k, X) + gS=(k, X)¥(X)
= [TA(k, X)K(k, X) — S<(k, X)5R(k, X). (2.30)

Here we have used the following transformation law under
the Wigner transformation:

FWg(e ) = 008 X) = 5@xf) - (318) + ..,
2.31)

F gl ) = 008 X) + 5 @xf) - (048) + ..,
(2.32)

[ 2tz )= gk X0 X) + S B+
(2.33)

where {g, h}pp = 0,8 - dxh — dxg - 9;h is the Poisson
bracket, and neglected higher-order terms that contain dy
since we focus on the case that the inhomogeneity of the
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average field is 9y ~ g>T, while a typical magnitude of k is
of order 7. This expansion is called gradient expansion
[7,13,15]. We retained the second terms in the left-hand
sides of Egs. (2.29) and (2.30) because the first terms,
which seem to be the leading terms in the gradient expan-
sion, will cancel out in the next manipulation.

By multiplying Eq. (2.29) by (—if + dx/2 + ig®P(X) +
i>R(k, X)), adding Eq. (2.30), and setting @ = 0, we get

ik - 9y — {¥ SR(k, X)} + ITA(k, X))K (k, X)

= g(kD<(k, X) + S<(k, X))['(k, X). (2.34)

Here we have introduced gI'(k, X) = gW(X) + ZR(k, X).
We have neglected higher-order terms of order g*72K and
g3T_1f . In the leading order, the coupling dependence in
D<(k) and S=(k) is negligible, so that D= (k) and S=(k) are
replaced by the propagators at equilibrium and free limit
(g =0):

D= (k) = p°(k)np(K°), (2.35)
S9=(k) = Kp"(k)np (K), (2.36)
where p°(k) is the free spectral function given by
p°(k) = 27 sgn(k®) 5(k?)
o (2.37)
= m((‘i(ko — |kl) — 8(k° + |k])),

and ng(k°) = (/T — 1)1 (np(k°) = (/T + 1)71) is
the boson (fermion) distribution function at equilibrium.
We note that though the massless condition k> = 0 appears
in Eq. (2.37) in the present approximation, k? is expected to
be of order g?T? if one takes into account the interaction at
equilibrium. For this reason, we will use the order estimate
k*> ~ g?T?. We also note that K cannot be replaced by that
at equilibrium since K vanishes at equilibrium.

We see that k? terms in the left-hand side of Eq. (2.34)
were canceled out and the k- dy ~ g>T? term remains.
Thus, we can neglect the terms much smaller than g>T?K
in the calculation of the leading order. Following this line,
the diagonal self-energies are replaced by those at equilib-
rium in the leading order, whose diagrams are shown in
Figs. 3 and 4:

{K 2R ()} = m3, (2.38)

- -

A

FIG. 3. The fermion retarded self-energy %9 (k) in the lead-
ing order. The solid line is the fermion propagator and the dashed
line is the scalar (the case of the Yukawa model) or photon
propagator (the case of QED). We note that the photon propa-
gator in the case of QED should be replaced with the HTL-
resummed one [5] in this figure.
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FIG. 4. The boson advanced self-energy ITA©? (k) in the lead-
ing order. The notations are the same as Fig. 3.

FIG. 5. The off-diagonal self-energy Z(k, X) in the leading
order. The propagator that is composed of the solid line and
the dashed line with the black blob is the off-diagonal propa-
gator. The other notations are the same as Fig. 3.

A (k) = m?, (2.39)
where m; = ¢T/ (2+/2) and m, = gT/~/6 are asymptotic
thermal masses for the fermion and the scalar boson in the
leading order [18]. Note that the imaginary parts of the
self-energies ~g*T?1In(1/g) and momentum dependence
are negligible due to the higher order of the coupling
constant. We have used the on-shell condition, k? = 0,
which will be verified later.

The same line as the diagonal self-energies case justifies
substituting the off-diagonal self-energy in the leading
order, shown in Fig. 5 diagrammatically. The expression
is given by

40
2 ﬂSOR(k + KNK(K, X).

ERk X)=—g o

(2.40)

Here S°%(k) = —F/((ky + i€)> — k?) is the free fermion

retarded propagator at equilibrium. We note that the self-

energies cannot be neglected unlike dy ~ g7 case” [13],

because {f, 3}K, IIK, T~ 'Z is the same order as g°T°K.
Using these expressions, Eq. (2.34) becomes

(2ik - 9x + 8m*)K(k, X) = gkp®(k)(np(K°)

+ np(KO)C(k, X), (2.41)

where dm? = m? — m? We note that K(k, X) becomes
finite only when k> = 0 because of 8(k?) in the right-
hand side. We also note that kK (k, X) ~ g>TK(k, X), which
is confirmed by multiplying Eq. (2.41) by ¥ from the left.
This property makes the vertex correction term, ¥ (k, X),
negligible, which corresponds to the fact that there is no
vertex correction in the analysis using the resummed per-
turbation theory [6,9]. Thus we get

>This is because k- dyK ~ gT2K > {{ 3}K, IIK, T~'5 ~
g’T°K.
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FIG. 6. The schematic figure of the off-diagonal propagator
K(x, y) in the Yukawa model in the leading order in the linear
response regime. The solid (dashed) line with black blob is the
resummed fermion (boson) propagator that contains the infor-
mation on the fermion (boson) self-energy 3 (IT). The gray blob
represents the fermionic average field V.

(2ik - ax + dm*)K(k, X) = gkp" (k) (ng(k°) + np (k) W(X).
(2.42)

The schematic figure of K(k, X) is depicted in Fig. 6. The
solid (dashed) line with the blob stands for the resummed
fermion (boson) propagator.

B. Kinetic interpretation

By introducing the “off-diagonal density matrix”
A~ (k, X) defined as K(k, X) = 278(k*)(0(k°)A L (k, X) +
6(—k%)A_(—K, X)), we arrive at the following generalized
and linearized kinetic equation from Eq. (2.42):

m2
(20005 = %)Ai(k, X) = ghnp (k) + np (kD) TX),
(2.43)

where v#* = (1, k) and k = k/|k|. We have to note that
this equation is not a usual kinetic equation because
A(K, X) cannot be interpreted as a distribution function
since it is the propagator between different particles in the
fermionic background. Nevertheless, we call this equation
the “generalized kinetic equation” because we can obtain
the Boltzmann equation if we analyze the time-evolution
of the diagonal propagator instead of the off-diagonal one
[7]. In fact, Eq. (2.43) has the following points similar to
the Boltzmann equation:

(i) The particle is on shell (k* = 0).

(i) The equation has the common structure as the
Boltzmann equation: both have the noninteracting
part, the interaction part between the hard particle
and the average ultrasoft field, and the interaction
part among the hard particles, which correspond to
the drift term, the force term, and the collision term
in the Boltzmann equation, respectively.

When dy ~ gT, dm? is negligible, and Eq. (2.43) becomes
the counterpart of the Vlasov equation [13]. Let us reca-
pitulate the interpretations of each term in Eq. (2.43) ex-
cept for the Sm? term. The first term in the left-hand side
describes the time-evolution of A . (k, X) in the free limit
(g = 0), so this term corresponds to the drift term in the
Boltzmann equation. On the other hand, the term in the

116009-5



DAISUKE SATOW AND YOSHIMASA HIDAKA

right-hand side expresses the effect from the average fer-
mionic field. Hence this term corresponds to the force term
in the Boltzmann equation.

dm? term has no counterpart in the usual Boltzmann
equation, which describes the time-evolution of the diago-
nal propagators, S(k, X) and D(k, X). Therefore we cannot
obtain kinetic interpretation of that term in the usual
sense.

Now let us discuss the origin of the §m? term. The origin
of the term is —{§, 3R (k, X)} + IT*(k, X) in Eq. (2.34). The
real parts of those terms are of order g>T> while the
imaginary parts are g*Tlng™!, so the contribution in
the leading order comes from the real parts. The difference
of the real parts of the diagonal self-energies expresses the
difference of the dispersion relations of the scalar and the
fermion, so we call the m? term the “mass difference
term.” We note that the “mass’” here is not the bare one but
dynamically generated one thorough the interaction among
the hard particles.

Here let us see the reason why the mass difference
term does not have its counterpart in the diagonal case.
In the case of the kinetic equation on S(k, X), the
corresponding term to the mass difference becomes
—{f 3R (k, X)} + {34k, X)} = —2i Im{}, 2R (k, X)} in-
stead of —{f 3R(k, X)} + II*(k, X), so that the real
part is canceled out. (See Appendix B for the detailed
derivation.)

We note that this term, which is purely imaginary as a
result of the cancellation of the real part, is of order
¢*TIn(1/g) and thus negligible since dy ~ g>T. We also
see that the terms coming from the self-energy have com-
plicated form in the diagonal case, while they are reduced
to the simple form, —{f, 3%(k)} + ITA(k) term in Eq. (2.34),
in the off-diagonal case in the linear response region. This
difference comes from the following two facts:

(1) Since we linearize the equation in terms of the
deviation from the equilibrium state, the terms con-
taining 63 and S° in Eq. (B11) do not have its
counterparts in the off-diagonal case [K(k, X) van-
ishes at equilibrium.]

(2) The structure of the right-hand sides of Egs. (2.29)
and (2.30) after neglecting the vertex correction
terms are simpler than those of Egs. (B4) and (BS).
It is because K<(x, y) = K~ (x, y).

C. Correspondence between kinetic theory
and resummed perturbation theory

Here, let us show the relation between our kinetic equa-
tion, Eq. (2.42), and the self-consistent equation in the
resummed perturbation theory in Ref. [6]. For this purpose,
we evaluate the retarded self-energy of the fermion, 3% (p),
which can be obtained from the linear response theory
[13,15] in momentum space as

Mina(p) = ZR(p)W(p). (2.44)
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On the other hand, 7;,q can be written as 7;,q(X) =
gK(x, x) = g [d*k/(2m)*K(k, X) in our theory. Thus, the
induced source is obtained from Eq. (2.42) as

d*k Kp"(K)(np(k°) + np(k°))

na(X) = g* V(X).
M) =8 | ot T ik oy + om) LX)
(2.45)
By performing the Fourier transformation,
flk p) = / & Xer X f(k, X), (2.46)
we obtain
d*k Kp"(K)(np(k°) + np(k))
4 = g2 v
77md(P) 8 (277_)4 (2k p+ (sz) (P)
(2.47)

Comparing Eq. (2.44) with Eq. (2.47), we obtain the self-
energy,

d*k kp°(K)(ng(k°) + np(k))

p) =g Qm)* k- p + m?)

(2.48)

This expression coincides with that of the retarded fermion
self-energy in Ref. [6] except for the absence of the decay
widths of the hard particles in the denominator. As men-
tioned in the previous subsection, the decay widths of order
g*TIn(1/g) is neglected when the external momentum is
of order g?T; one can include them by taking into account
the imaginary part of Eq. (2.42) if one is interested in the
decay width.

The diagrammatic representation of the fermion re-
tarded self-energy in our formalism is the same as that in
the resummed perturbation theory [6], which is explained
as follows: The off-diagonal density matrix A.(k, X),
which follows the generalized kinetic equation, is repre-
sented by Fig. 6. 9;,q(X), shown in Fig. 7, is diagrammati-
cally obtained by connecting the ends of fermion and
boson propagators in the right-hand side of Fig. 6. This
diagram is the resummed one-loop diagram appeared in [6]
itself except for the fermion average field V.

'4

\
\ ,l
\ ’
N ’

N
~ Pie
‘~.’—'

FIG. 7. The fermionic induced source 7;,q(X) in the leading
order in the Yukawa model. This diagram is obtained by con-
necting two ends in Fig. 6. By truncating ¥, we obtain the
diagram expressing 3 in the resummed one-loop analysis [6].
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III. KINETIC EQUATION IN QED

First we introduce the background field method, which
is useful to construct the equations for the average fields
and the Kadanoff-Baym equation in a gauge-covariant
form. Next, we derive the generalized kinetic equation in
the linear response regime adopting the Coulomb gauge
fixing, in which the transversality of the free photon propa-
gator simplifies the analysis. After the derivation, we show
the equivalence between the generalized kinetic equation
and the resummed perturbation theory [6,8], and discuss
the interpretation of the terms in the kinetic equation. We
also check that the Ward-Takahashi identity for the self-
energy, consequence of the U(1) gauge symmetry, is sat-
isfied in our formalism. Finally we discuss how to compute
the higher-point-vertex function whose external momenta
are all ultrasoft, and make an order estimate of it at the
weak coupling regime.

A. Background field gauge method

In the derivation of the average field equation and the
Kadanoff-Baym equation in QED, it is convenient to for-
mulate them in a covariant form under gauge transforma-
tions. For this purpose, we employ the background field
gauge method [15,19]. In this method, the following
generating functional is employed:

Zj. m, AW, ] = f [Da[DITDYES, (.1
with
s = f A5 LIA, + ap ¥+ g, + §1+ Lo
C

— (j*a, + ¥+ qP)], (3.2)

where we dropped the ghost term, which is not coupled
with the other fields. A* and a* are vector fields, ¥ (¥)
and ¢ (i) are (anti-) spinor fields, and j* is the external
current, respectively. The Lagrangian of QED has the form,

Lla, y, 1= —3F*alF,lal + iy Plaly,  (3.3)

where F,,[a]=d,a, — d,a, is the field strength and
D,la] =9, + iga, is the covariant derivative. We have
used g as a coupling constant of QED instead of the
standard notation e to make it clear that the same order
counting appears as that in the Yukawa model. In the
background field method, the fields in the Lagrangian are
decomposed to the classical field, identified as the average
fields later, and fluctuations in Eq. (3.1). The external
sources are chosen to be coupled to a*, ¢, and 1,7/ but
not to A*, ¥, and V. We impose the following conditions:

(a,) =) =) =0, (34

which implies that A, and ¥ (¥) can be interpreted as
the average parts of the photon and (anti) electron field,
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respectively, and — InZ coincides with the effective action
[15,19].

In the background gauge field method, the gauge-fixing
term is chosen to be a functional of a,, such as

(Gla)?

Lgr=—A ,
GF )

(3.5)

where G[a] is the gauge-fixing function and A is the gauge-
fixing parameter. Although a, is fixed by the gauge-fixing
term, the generating functional, Eq. (3.1), is invariant under
the background field gauge transformations defined by

i

Y(x)—=h(x)W(x), A,(x)—A,x) —gh(x)(?MhT(x),
Y= h@)P(x), )= Pt ),

a,(x)—a,(x), n(x) = h(x)n(x),

700 = HEAT(x),  j#(0)— j* (), (3.6)

where h(x) = exp[if(x)].
Since the fluctuations covariantly transform under
Eq. (3.6), the propagators also covariantly transform as

D;u/(x’ )’) = <TCa,u, (x)al/(y)>c - D;U/(x’ J’), (37)
S(x, y) = h(x)S(x, y)hT(y), (3.8)
K/,L(x’ y) = <TCl//(x)a,u,(y)>c - h(x)K,u,(x: )’) (39)

Also, the Wigner transformed off-diagonal propagator in
the leading order of g is covariant, which can be confirmed
by performing the gradient expansion [15]:

K, (k X) — h(X)K ,(k X), (3.10)

which implies that the Kadanoff-Baym equation cova-
riantly transforms with respect to the background gauge
transformations as will be seen in the next subsection.

We note that, apart from the covariance with respect to
the background field gauge transformation, the gauge-
fixing dependence, which will be confirmed only in the
Coulomb gauge and temporal gauge in this paper, should
be analyzed.

B. Derivation of the kinetic equation

We work in the Coulomb gauge-fixing condition be-
cause this gauge fixing makes the analysis simple owing
to the transversality of the free photon propagator. The
gauge-fixing condition is G[a] = 9;a’ and A — oo, which
constrain the off-diagonal propagator as

95K, (x, y) = 0. (3.11)

The equations of motion for the average fields are given
by

iP [A]¥(x) = n(x) + 7ipa(x), (3.12)
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92AM(x) — 9% 97A,(x) — gW(x)y*W¥(x)
= j*(x) + jha(0).

Here we have used Eq. (3.4), and the induced fermionic
source and the induced current are defined as

Nina(x) = gla(x) P (x)). = gy*K, (x, x),

(3.13)

(3.14)

Jha0) = g () y* P (), = g Tr(y*S=<(x, x)), (3.15)

which transform  7;,4(x) = h(x)9ipe(x) and ji,(x) —

ji4(x) under the background gauge transformations.

Therefore, Eqgs. (3.12) and (3.13) transform covariantly

with respect to the background gauge transformation.
The equations for the propagators are given by

P.K*(x,y) + igy, D" (x, y)¥(x)
— f A 2SR, KA (2, y) + R (x ID<"E(2, ),
(3.16)

(92gH" — 94 9"),K,(x, y) + gS=(x, y) y* ¥ (y)

_ [f (T (2, YK, (x, 2) — S<(x, 2FR4 (2, y)),
(3.17)

where I1,,,(x, y) and =, (x, y) are the photon and the off-
diagonal self-energies, respectively. Here we set xX € C*
and y? € C.

The Wigner transformed equations read

(=i + 2+ i A )K¥ G X) + gy, D2k XIP(X)

= —i(SR(k, X)K*(k, X) + ZR(k, X)D="*(k, X)),

(3.18)
(—k2 + ik - 9y)K*(k, X) + kKK, (k, X)
+ g5~ (k, X)y*W(X)
= HA’“’(k, X)K,(k, X) — S<(k, X)ERe(k, X), (3.19)

where Eq. (3.11), the estimation K° ~ g?K!, shown in
Appendix C, and the gradient expansion have been used.
Multiplying Eq. (3.18) by [—if+ dx/2 + igh(X) +
i>®(k, X)] and Eq. (3.30) by PL;(k) defined below, and
subtracting the latter from the former, we obtain

(—2ik - dy + 2gk - A(X) + {K ZR(k, X)DK'(k, X)
+ PT (k)T (k, X)K,(k, X)

= —g(kD="(k, X) + PT"'(k)S<(k, X))[", (k, X),

(3.20)
where we have introduced the projection operator into
the transverse component, P}, (k) = g,:8,;(8;; — kik;),
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and g™ (k, X) = gy*W(X) + R4 (k, X), and used
Pﬁi(k)K”(k, X) = —K;(k, X) = K'(k, X). One can show
that the background fields and the coupling dependences
in the diagonal propagators are weak,” so that we can
replace the electron and the photon propagator, which is
given as follows, by that in the free limit at equilibrium:

Dy (k) = pP(k)np (k) Py, (k). (3.21)

The diagonal self-energies at on-shell in the leading order
are given by

K ZRCD(k)} = mZ — 2L K, (3.22)

P (I (k) = —m2 P (k), (323)
where m, = ¢T/2 and m,, = gT/ V6 are the asymptotic
thermal masses of the electron and the photon in the
leading order. £, ~ g*TIn(1/g) is the damping rate of
the hard electron [3], which is much larger than the case
of the Yukawa model. Unlike in the case of Yukawa model,
the damping rate of the electron £, cannot be neglected
because £,k° ~ m2, while the photon damping rate of order
g*T'In(1/g) can be neglected [20]. We note that the longi-
tudinal part of the photon self-energy does not contribute
because the projection operator PLi(k) is multiplied.

The off-diagonal self-energy in the leading order has the
following expression, which has a similar form to that in
the Yukawa model:

— da*k’
SRk, X) = —g? / LK yrSOR(k + K)yR K, (K, X).
(2m)
(3.24)

The off-diagonal self-energy in I'*(k, X) has to be retained
in the case of QED unlike the Yukawa model since there is
no special suppression mechanism.

By substituting these expressions in Eq. (3.20), we
obtain

(=2ik - Dy — 2i£,k° — dm>)K'(k, X)
= —gkP"" (k) p° (k) (ng(k°) + np(k?))

K key, + K,

K, (K, x)).
(3.25)

Here we have used P!, (k)P}*(k) = —P% (k) and intro-

duced 8m* = m3 — mZ. In this gauge-fixing condition, it

*It can be shown by evaluating 6S and 8D*” in the diagonal
kinetic equation: 6§ ~ gA* from Eq. (B12). Similarly, 6D*" ~
6S. These order estimates imply that A* contribution from S and
D#” in the right-hand side of Eq. (3.20) is much smaller than that
from the left-hand side of that equation, by using the order
estimate K# ~ g~ 1,
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vd

FIG. 8. The diagrammatic representation of self-consistent equation for K#(x, y) in the leading order. For simplicity, A* is not

drawn.

is apparent that only the transverse component of the
thermal photon contributes to K'(k, X) because of the
projection operator P7"i(k) appearing in the right-hand
side of Eq. (3.25). We note that this equation transforms
covariantly with respect to the background gauge trans-
formation from Eq. (3.10).

From Eq. (3.25), we write K'(k, X) in terms of the off-
diagonal self-energy for later use:

P (k) p° (k) (np(k°) + np(k"))

I’k X).
2ik - Dy + 2i{,k0 + Sm? (k, X)

Kik,X)=g

(3.26)
The diagrammatic representation of this equation is shown

in Fig. 8.

C. Kinetic interpretation

Next, we derive the linearized kinetic equation.
Multiplying Eq. (3.25) by 7, from the left, we obtain

(=2ik - Dy — 2i{,K° — 5m®) K (k, X)
= —g2kp’ (k) (ng(k°) + np(k”)¥(X)
+ kP (k) p (k) (np(k°)
d4k/ ka,yv + k/v,ya
Qm)* k- K

+ np(k)g? K, (K, X).

(3.27)

We decompose A%(k, X) into positive and negative
energy terms as KH(k, X) = 2m8(k*)[0(k°)A% (K, X) +
0(—k°)A*(—Kk, X)], so that we arrive at the kinetic equa-
tion from Eq. (3.27):

dm?
k|
= 2g0[np(k]) + np(kD]P(X) — g2y 0[np(k|)
31/
FnkDIPEW) S, oo s
slklvey, + |K'|v),
kllk'lv - o'

(Ziv o Om 2i§e)Ai(k, X)

y Asa(k/: X);

(3.28)

where we have introduced v'# = (1, k’). There are two
terms that do not appear in the Yukawa model analyzed
in Sec. II. One is the last term in the right-hand side.
Because the bare vertex term, which contains ¥(X) and
is in the right-hand side, is interpreted as the counterpart

of the force term in the diagonal case [13], that vertex
correction term acts like “‘the correction to the force term,”
at least in the linear response regime. Note that this term
mixes the positive and negative energy modes, unlike the
case of the Yukawa model.

The other is the third term in the left-hand side. This
term has a similar form to the collision term in the relaxa-
tion time approximation of the diagonal case, i.e., pure
imaginary constant (2iZ,) times A (K, X). For this reason,
we call this term the “collision term.” We note that this
term is negligible in the case of the Yukawa model as
shown in the previous section.

In the diagonal case [7], the collision term contains
momentum integral for the diagonal density matrix.* In
contrast, in the off-diagonal case, such term does not
survive in the linearized equation. As a result, the collision
term in the off-diagonal kinetic equation has a similar form
to that in the relaxation time approximation.

We emphasize that the off-diagonal self-energy is not
negligible in the off-diagonal kinetic equation, while neg-
ligible in the diagonal one because we neglect the higher-
order terms in ¥. This fact makes the correction to the
force term, which is absent in the diagonal case, appears in
Eq. (3.28).

As we discussed in Sec. IIB, both of the usual
Boltzmann equation and our generalized and linearized
kinetic equation are composed of the noninteracting part,
the interaction part between the hard particle and the
average ultrasoft field, and the interaction part among the
hard particles. Which part is the counterpart of the mass
difference term, the collision term, and the correction to the
force term? Because the mass difference and the collision
term come from the self-energies at equilibrium, they
correspond to the interaction part among the hard particle.
The correction to the force term is a part of the interaction
part between the hard particle and the average ultrasoft
field.

D. Correspondence between kinetic theory
and resummed perturbation theory

Here, let us show the equivalence between Eq. (3.25) and
the self-consistent equation in the resummed perturbation
theory [6,8]. To this end, we rewrite Eq. (3.24) in terms of
the off-diagonal self-energy using Eq. (3.26):

“The integral comes from the terms containing 63 in
Eq. (B12).
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" d*K'

I'(k, X) = y*¥(X) - g [—(2 7 y'SOR(k + K)y+
T

% K Pl (k) p (k) np(k®) + np(k”)]
2ik" - dy + 2il,k° + Sm?

(3.29)

Here we set A* = (. By performing the Fourier trans-
formation, Eq. (2.46), we get

da*k’
Ik, p) = y* = g* /—4 Y SOk + K)y*

(2)

o K Pay(K)p (k) np (k) + np(K)I (K, p)
2k - p + 2il k" + dm?

>

(3.30)

where I'*(k, p) = T'*(k, p)¥(p). We note that I'*(k, p) is
the vertex function introduced in [6,8] whose momenta are
hard and ultrasoft. Equation (3.30) is none other than the
integral equation appearing in [6,8].

The retarded fermion self-energy is also written in terms
of the vertex function: from Eq. (3.26), we arrive at

d*k 8Kk, p)

Qm)* 8¥(p)
2 d*k ’)’ilépgi(k)l)o(k)[nz;(ko) + nF(kO)]

2m)* 2k - p +2il,k° + Sm?
X I'"(k, p).

3R(p)=g¢g

(3.31)

This expression equals to that of the fermion retarded self-
energy in the resummed perturbation theory” [6,8]. Thus
we see that Eq. (3.38), derived in the nonequilibrium state
in a linear response regime from the Kadanoff-Baym equa-
tion, is equivalent to the self-consistent equation in the
resummed perturbation theory, which is constructed in
the thermal equilibrium state.

Here we discuss the correspondence between each
scheme in the resummed perturbation theory [6,8] and
each term in the kinetic equation. As in the Yukawa model,
the resummation of the thermal mass difference in the
resummed perturbation theory corresponds to the mass
difference term in the kinetic equation. The decay width
corresponds to the collision term since both of them con-
tains the damping rate of the hard electron, ¢,. The ladder
summation in the resummed perturbation theory [6,8] is
caused by the correction to the force term in the kinetic
equation. Thus, the ladder summation corresponds to the
correction to the force term. These interpretations are
summarized in the Table. 1.

Equation (3.25) is analytically solved for the energy region
Ipo + id| < g*T [6].

I, X).
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TABLE I. The correspondence between the resummed pertur-
bation theory and the generalized and linearized kinetic equa-
tion.

Diagrammatic method Kinetic equation

Mass difference term
Collision term
Correction to force term

Thermal mass difference
Decay width
Ladder diagrams

E. Higher point functions

The fermionic induced source m);,q4 generates the
higher point function, not only the fermion self-energy.
In this subsection, we derive the self-consistent equation
determining the n-point function whose external lines
consist of two fermions (¥) and (n — 2) bosons (A*)
with ultrasoft external momenta, and make an order
estimate of the quantity. For example in the case of
n = 3, we obtain the correction to the bare three-point
function, gy, 8% (p — g — r), from n;, [13,15]:

8W(p —q—nrgdl*(p, —q, —r)

= 52nind(p)
611/(61)3A'u(}’) A=0 (332)
d*k’ 52

SK(k, p).

~ 8 ) @) 5W(q)0A,(r)

Here we have expanded K*(k, X) around A* = 0:

K*(k, X) = K*(k, X)4—o + 6K*(k, X) + O(A*W),
(3.33)

where K*(k, X)4—o contains one ¥ while SK*(k, X)
contains one ¥ and one A*.

6K*(k,X) can be obtained by the following way.
Collecting terms that contain one A* in Eq. (3.25), we
obtain

(=2ik- dy —2iZ,k° — Sm?)SK' (k, X)
+2gk- AX)K (k, X) 40
= —g* kP (k) p° (k) np(k°)

'K key, + ¥k,
+ ()] [ o Ve YR K (K X).

Since K#(k, X)4—¢ is determined by setting A* = 0 in
Eq. (3.25), this equation is closed and K*(k, X) can be
determined.

Let us estimate the order of K*(k, X). From Eq. (3.25)
and K§_, ~ g 'T3W¥, we find 6K* ~ g ' T 1AKY_, ~
g 2T *WA*. Therefore, the vertex correction is estimated
as g6I'* ~ g~!, which is much larger than the bare vertex,
gy"* ~ g. A similar order estimate for the n-point function
with n >3 can be done with the same procedure; as a
result, we find that the order of the n-point-vertex function
is g27".

(3.34)
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F. Ward-Takahashi identity

Let us see that the off-diagonal self-energy given in
Eq. (3.24) satisfies the Ward-Takahashi (WT) identity.
From Eq. (3.24), we get

47,1 /)
k, ERr(k, X) = ¢ f (621:)4 Y (15:15)2
XK+ K — KK, (K, X)
d*K
@2m)*

Here we have used ¥'K,(k', X) = 0, which can be con-
firmed by multiplying Eq. (3.25) by ¥ from the left. This
equation generates the WT identity derived in Ref. [6] by
setting A* = (0. The WT identity implies that the vertex
correction is not negligible because the identity relates the
vertex correction to the fermion self-energy, which is much
larger than the inverse of the fermion propagator with an
ultrasoft momentum. In the Yukawa model, the WT iden-
tity associated with gauge symmetries is absent, so the
smallness of the vertex correction is not in contradiction
with any identity.

Equation (3.35) can be derived from the conservation
law of the induced current,

KK, X) = gnina(X).  (3.35)

= g2

— ig(Dina¥ — UNina) (X) = 9.l (x). (3.36)

By differentiating Eq. (3.36) with respect to ¥(y), we
obtain

(5 ina(¥)

SV (y)

= 95,24y, x).

V)~ 5clx’ ~ )50 ~ ) mal))
(3.37)
Here 8(x — ) is the delta function defined along the con-
tour C. By multiplying this equation by [ d*s exp(ik - s) and
taking only the leading-order terms, we find
igNina(X) = —ik, F** (—k X). (3.38)

This is nothing but Eq. (3.35). The detail of the derivation of
Eq. (3.38) is shown in the Appendix A.

[C d*z3(x, 2)K(z, y) = f:o d*z37 (x, 2)K(z, y) — f
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IV. SUMMARY AND CONCLUDING REMARKS

We derived the novel generalized and linearized kinetic
equation with an ultrasoft momentum from the Kadanoff-
Baym equation in the Yukawa model and QED. Our kinetic
equation is equivalent to the self-consistent equation in the
resummed perturbation theory [6,8] used in the analysis of
the fermion propagator at the leading order. This derivation
helps us to establish the foundation of the resummed
perturbation theory. We gave the kinetic interpretation of
the resummation scheme (Table. I). Furthermore, we made
an order estimate of the higher point function with ultrasoft
external momenta, and obtained the equation determining
the vertex correction in QED.

In our analysis, the difference of the masses and the
vertex correction, which reflects the fact that we analyze a
process that changes the type of particle, plays an impor-
tant role. This fact suggests that these quantities may play
an important role in the analysis of other ultrasoft quantity
such as the flavor diffusion constant in QCD, where the
masses of u, d and s are different. It is natural to ask
whether such kinetic equation is derived in QCD because
the investigation of the QCD at high temperature is quite
interesting since it is relevant to analysis of quark-gluon
plasma [21], which is realized in heavy ion collision ex-
periments. We hope to report the analysis in QCD else-
where [22].
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APPENDIX A: ANALYTIC STRUCTURE OF
INDUCED TERMS

In this Appendix, we derive the right-hand sides of
Egs. (2.26), (2.27), and (3.38). First let us derive the
right-hand sides of Eqs. (2.26) and (2.27):

): d*z3=(x, 2)K(z, ) — f :Liﬁ d*z23<(x, 2K(z, y)
¥

t X

— fj" d*z(37(x, z) + 3<(x, 2))K(z, y) — _[0 o d*z3<(x, 2)K(z, y)

~ —j f_w d*z3R(x, 2)K(z, y).

10
t

(AD)

In the last line we have taken ° — —oo. We used the fact that the term integrated on C° becomes negligible in this limit

[15]. In the same way, we get
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f d*zI1(y, 2)K(x, z) = —i[oo d*zITA(z, y)K (x, z).
C —00

PHYSICAL REVIEW D 85, 116009 (2012)

(A2)

Next, we evaluate the off-diagonal self-energy term. The vertex correction term of Eq. (2.21) becomes

jd“z:(x z)D(z,y)—[t d*z5"(x Z)D<(Z’y)+fz d'

- [l aE wa-E e+ [ @

"

~—i f d*2(FR(x, 2)D<(z,y) + E<(x, 2D (z,y))

where the advanced boson propagator is DA(z, y) =
—i6(y° — 29[D”(z, y) — D=(z, y)]. Here we stop and dis-
cuss the structure of the off-diagonal self-energy in the
leading order in the (k, X) space.
The off-diagonal self-energy in the leading order and
linear response regime is given by
E(xy) = g8°(x, YKy, x), (A4)

where S°(x, y) is the free fermion propagator at equilib-
rium. Thus, the components of = are given by

E=(xy) = £g28%(x, YK, x). (A5)
By performing the Wigner transformation, we get
4k/
E=(k X) = +g° SO=(k + KK (K, X), (A6)

@m)?

with 89 (k) = §p°(k)(1 — np(k°)). We see that since
K(K', X) contains 8(k?) and we focus on the on-shell
case k*=0, which are confirmed from the analysis
in Sec. ITA, (k—+ k)2 =2k-k' # 0. For this reason,
§9=(k + k') =~ 0, which implies Z=(k, X) ~ 0, so the only
nonzero function of the off-diagonal self-energy appearing
at Wigner-transformed Eq. (A3) is ZR(k, X) =~ Z4(k, X).
Therefore, we drop the second term in Eq. (A3) because
that term becomes negligible after the Wigner transforma-
tion, and hence the equation becomes

J #Eapey=—i [T ¢E e ap . @)
In the same way, we get
[ dizstwamy =i [ a5 28 @y, @8)
The calculation in QED can be performed in the same way.

Finally we derive Eq. (3.38). By multiplying Eq. (3.37)
by [d*sexp(ik - 5), we get

2E~(x,2)D7(z,y)

0_

_ '—ip
Exopan+ [ e

y

z55(x,2)D7(z,y)

25°(x,2)(D<(z,y) =D~ (z,y))

(A3)

[

_ se nmd(x) 0 — () X
¢ ]d4 ( T ta) = 501316~ >)

=fd4seik"’625“(y,x). (A9)
Here we have set x°, y° € C* and neglected the subleading
terms. The first term in the left-hand side has the same
order of magnitude as the hard fermion self-energy 3 (k)
times ¥(X), so that term is negligible. Thus the left-hand
side becomes 71;,4(X). The right-hand side becomes

0 4 o ikes s => 0 4 o pikes s =<
d*se™* 95,571 (y, x) + . d*se™ 95, Z~H(y, x)
2[ d*se™ 593 57K (y, x)

e 4 o ks as (= _ =
+[0 d*se™ 05, (F~H(y, x) — Z7H(y, x))

= —ik, =27~k X) — k, F*"(—k X). (A10)

We see that the first term in the last line is negligible
because of the on-shell condition. Thus we obtain
Eq. (3.38) if we remember that ZR(k, X) =~ ZA(k, X).

APPENDIX B: KINETIC EQUATION
IN DIAGONAL CASE

We derive the equation that corresponds to Eq. (2.42) in
the diagonal case in this Appendix. The equation govern-
ing the propagator of the fermion is as follows:

PP1S(x, y) + ig(K(y, x)Ty"¥(x)

6T]md( )
Sn(y)

Since the second term in the left-hand side contains two W,
we neglect that term. Let us calculate the right-hand side.
We set xX’ € C* and y° € C™. Since the vertex correction
term, which contains more than one Y, is negligible, we
obtain

=8 W(x—y) +i (B1)
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om(y)

= - f d*2(37 (%, 2) + 3°(x, 2)S< (5, y) + f } d*235(x, 2)(S< (2, y) + $7 (2, y)).

By taking the limit £ — —oo0, we get

a;%(;) =1 f AR S y) + 37w DS )

(B3)
Here we have introduced the advanced fermion propagator,

§4(x, y) = —i0(°, x0)(S7 (x, y) + S=(x, ).
By performing the Wigner transformation, we get

[—i}é + %X + ig(@(X) - i% : (axcp(x)))]s<(k, X)

= —i(3R(k, X)S<(k, X) + 3=(k, X)SA(k, X)). (B4)

The following equation is derived from the conjugate of
Eq. (B4) by using y°S~ (x, y)y° = S=(y, x):

— —

S<(k, X)[i]( +2x ig(cp(x) 4 i% : (aXcD(X)))]

= i(SR(k, X)X<(k, X) + S=(k, X)34(k, X)). (B5)

Here we have introduced the retarded fermion propagator,
SR and the advanced fermion self-energy, 34, which are
defined as follows:

SR(x, y) = i0(x°, yO)(S7(x, y) + S<(x, y)), (B6)

S y) = —i0(° )37 (x,y) + 3(x,y).  (B7)

By multiplying Eq. (B4) (Eq. (B5)) by —if + dx/2 +
ig(D(X) —id; - 0xP(X)/2) — iZR(k, X)  (if+ dx/2 —
ig(D(X) +i0, - 9yD(X)/2) — i34(k, X)) from the left
(right), we get
(—k* = ik - ax + g2KP(X) — ikdy - (IxP(X))

+ D(X)dy) + {k 2Rk, X)})S=(k, X)
= — 3= (k, X)SA(k, X), (B8)

S<( X)(—K2 + ik - 9y + gUDX) + i3, - (9xDX))K

— i D(X)) + K 3k X))

= —SR(k, X)Z=<(k, XK. B9)

By subtracting Eq. (B8) from Eq. (B9), we get
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[Cd4z2(x, OS(zy) = = Ji d'237 (6 DS (5 y) + Lo d*S<(5 95 y) = [l P d* 237 (x, 257 (2, )

(B2)

(2ik - 9y — {K 2R (k, X)}S=(k, X) + S=(k XH{K 24 (k, X)}
+28P(X)[S™(k, X), K] + ig(a3P(X))
XK, 04, S~ (k, X)} = ig®@(X){y ., 05 S~ (k X)}

= K3<(k, X)SA(k, X) — SR(k, X)3=(k, X)K. (B10)

Here we linearize this equation. By introducing 6S(k, X) =
S(k, X) — S°(k) and 83(k, X) = 3(k, X) — 39 (k), we ar-
rive at the following equation:
Qik - ax — {§, ZCDR(k) — 3D (k)})6S<(k, X)

— {83 (k, X)}SO= (k) + SO=(kHK, 634 (k, X)}

+ ig(ax PONK 95,87~ ()}
= ¥53=(k, X)SO (k) — SOR (k)83 =(k, X)¥

+ k3 CO<(k) 5S4 (k, X) — 8SR(k, X)S©O<(kh)K (B11)

Similarly, we obtain the following equation in QED:

(2ik - ay — [ SCOR(k) — SEDA(0)})5S= (K X)

— {K 53R (k, X)}SO< (k) + SO<(k)}K, 537k, X)}

+ 2ightd - 0xA, (OS"(K) = S (X[, (K]
= k63 (k, X)S% (k) — S°R (k)63 = (k, X)¥

+ K< (k)8SA(k, X) — 8SR(k, X)ICO=(k)k.  (B12)

APPENDIX C: SMALLNESS OF K°

Here we show that K is negligible compared with the
spatial components in the Coulomb gauge. For simplicity,
we set A# = (. We get the following equation by multi-
plying Eq. (3.18) by —if + dx/2 + iXR(k, X) from the
left, subtracting Eq. (3.19) from the quantity obtained
above, and setting u = 0:

ik - ax — {§ SRk, X)} + (K°)*)Ko(k, X)
— ITA%(k, X)K , (k, X)
= gS=(I(k, X)(k°)Ko(k, X) — IT"%(k, X)K,(k, X)

= gS<(I Pk, X). (C1)

Since k° ~ T, we see that

K° ~ g’K‘. (C2)
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APPENDIX D: TEMPORAL GAUGE

We show that the equation determining K* in the tem-
poral gauge is the same as that in the Coulomb gauge,
Eq. (3.25), in this Appendix because the resummed pertur-
bation theory was first proposed in the temporal gauge [8].
The gauge-fixing condition in the temporal gauge is
Gla] = a° and A — . This condition is equivalent to
the constraint a° = 0. Because of this constraint, we have

K°(x,y) = D%(x,y) = 0. (D1)
The equations governing K’ are
yi| . .
(—i}é + 7)‘ - igA(X))Kl(k, X) + igy;DVi(k, X)¥(X)

= —iXR(k, X)K'(k, X) + ER(k, X)D</(k, X)),

(D2)
. ; . lax i lax
(—k* + ik - 0x)K'(k, X) + (k 7) (k 5 ) K;(k, X)
+ g5k, X)y'¥P(X)
= [T (k, X)K ;(k, X) — S=(k, X)EX (K, X). (D3)

From these equations, we obtain

PHYSICAL REVIEW D 85, 116009 (2012)
(—2ik - 9y + 2gk - AX) + {§, 3R (k, X)) K'(k, X)

- (k - “%X)(k ";X) K;(k X) + ITAT (k, X)K (k, X)

= —(kDV(k, X) + 8S=(k, X)) (k, X). (D4)

Here let us evaluate k'K, (k, X), which is the longitudinal
component of K'(k, X). By multiplying Eq. (D4) by k;, we
get

|k|2( “;X) Kk, X) + kT4 (k, X)K (K, X)

= —8<(k, X)k,T;(k, X). (D5)
Here we have neglected the terms that are of order
g’T?k'K(k, X). We see that k'K;(k, X) ~ g>TK,(k, X) and
thus the longitudinal component of K;(k, X), k K;(k, X), is
negligible compared with the transverse component of
K;(k, X). We note that K° = 0, which is the result of the
gauge-fixing condition, and k'K; = 0 are valid also in the
Coulomb gauge in the leading order. Furthermore, also
the free photon propagator at equilibrium is the same as
that in the Coulomb gauge. Thus, we can obtain Eq. (3.25)
in the same way as in the Sec. III B.
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