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We derive the generalized Boltzmann equation (GBE) near equilibrium from the Kadanoff-Baym
equation for quark excitation with ultrasoft momentum (~ g7, where g is the coupling constant and T is
the temperature) in quantum chromodynamics at extremely high 7, and show that the equation is
equivalent to the self-consistent equation derived in the resummed perturbation scheme used to analyze
the quark propagator. We obtain the expressions of the dispersion relation, the damping rate, and the
strength of a quark excitation with ultrasoft momentum by solving the GBE. We also show that the GBE
enables us to obtain the equation determining the n-point function containing a pair of quarks and (n — 2)

gluon external lines whose momenta are ultrasoft.
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L. INTRODUCTION

Theories containing fermions and bosons such as the
Yukawa model, quantum electrodynamics (QED), and es-
pecially quantum chromodynamics (QCD) suggest that the
plasmas that are described by these theories including
QED plasma and the quark-gluon plasma [1] at so high
temperature (7)) that the particle masses are negligible, are
multiscale systems. For example, the average interparticle
distance is of order T~!, the Debye screening length is of
order (gT)~! (where g is the coupling constant) [2], and the
mean free paths of the quark and the gluon are of order
(g2T)~! [3,4]. These momentum scales, T, g7, and g°T,
are called hard, soft, and ultrasoft, respectively. Due to the
existence of these multiple scales, analyzing the spectral
properties of collective excitations at finite temperature in
these fermion-boson systems is quite a nontrivial task even
at the weak coupling (g <« 1) regime in general. In the soft
scale, the well-established perturbation theory known as
the hard thermal loop (HTL) approximation [5,6] is appli-
cable, and the analysis using that approximation suggests
the existence of the plasmon [2], which is a bosonic
excitation and is well known in nonrelativistic plasma. In
addition to the bosonic excitation, a fermionic excitation
called plasmino [7] is also suggested to exist (Fig. 1),
owing to the fact that the particle masses are negligible
compared with 7. By contrast, the HTL approximation
cannot be used when the momentum scale is of order of
or much smaller than g7. In fact, an infrared singularity
known as the pinch singularity appears in the computation
of the transport coefficients, in which the zero momentum
limit of the two-point correlator needs to be analyzed [8,9].
In the analysis of the quark spectrum whose momentum is
of order g7, there is no pinch singularity, but the HTL
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approximation gives the wrong result. Then one needs a
resummed perturbation theory [4,10,11] to obtain the cor-
rect result even at the leading order in g. Due to the same
reason, the resummed perturbation theory is also necessary
in the calculation of the ultrasoft gluon propagator [12].
The resummed perturbation theory is also needed in
computing the transport coefficient [8,9,13—15] since that
method regularizes the pinch singularity and gives the
correct result. The analysis using the resummed perturba-
tion revealed the existence of a novel quark excitation
(ultrasoft fermion mode) whose momentum is ultrasoft
[4] in addition to the plasmino [7], and the expression of
the pole position and the strength of that excitation were
obtained by solving the self-consistent equation derived in
the resummed perturbation, in the Yukawa model and QED
[10]. We note that results which suggest the existence of
the ultrasoft fermion mode were also obtained by other
analyses, in which the Schwinger-Dyson equation [16], the
Nambu-Jona-Lasinio model [17], and effective models in
which the boson has finite bare mass [18] are used. On the
other hand, in QCD, the self-consistent equation has not
been solved, and thus the expressions of the pole position
and the strength of the ultrasoft fermion mode have not
been obtained. In this paper, we extend the analysis in the
Yukawa model and QED [10] to QCD, and obtain the
expression of the pole position and the strength of that
excitation.

Now we introduce another point of view: each perturba-
tion scheme is equivalent to different kinetic equations
near equilibrium. In fact, the HTL analysis of the soft
boson (fermion) propagator is equivalent to the usual (gen-
eralized) collisionless kinetic equation called the (general-
ized) Vlasov equation [19]. Here the generalized Vlasov
equation means the collisionless kinetic equation in which
there is a fermionic background field in place of a bosonic
one, in contrast to the usual Vlasov equation case. On the
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other hand, it was shown that the resummation scheme
used in the analysis of the gluon propagator, whose mo-
mentum is ultrasoft, is equivalent to the Boltzmann equa-
tion [12]. It reflects the fact that the interaction among the
particles cannot be neglected when the space-time scale is
comparable with or much larger than the mean free path,
which is of order (g*>T) ! in the case of the hard quark and
gluon [3,4]. We note that this discussion explains the
reason why the resummed perturbation, which takes into
account the interaction effect among the hard particles, is
necessary in the analysis of the ultrasoft momentum re-
gion. The resummation scheme used in the analysis of the
ultrasoft fermion propagator [4,10] is also interpreted as a
generalized version of the Boltzmann equation (GBE) near
equilibrium in the case of the Yukawa model and QED
[20]. In this paper, we derive the GBE that is equivalent to
the self-consistent equation derived in the resummed
perturbation [4] in QCD.

The aim of this paper is twofold: One is to obtain the
expression of the dispersion relation, the damping rate, and
the strength of the ultrasoft fermion mode in QCD. The
other is to derive the GBE that is equivalent to the self-
consistent equation obtained in the resummed perturbation
[4] from the Kadanoff-Baym equation [21,22] in QCD.
The derivation helps us to establish the foundation of the
resummed perturbation scheme [4], and to obtain the ki-
netic interpretation of the procedure of that scheme. As a
by-product, the derivation using the Kadanoff-Baym equa-
tion enables us to evaluate also the nonlinear response that
is caused by the average gluon field, not only the linear
response caused by the quark average field [12,19,21]. Due
to this merit, we can analyze the n-point function whose
external lines are (n — 2) ultrasoft gluons and a pair of
ultrasoft quarks, not only the ultrasoft quark propagator.
This paper is a generalization of Refs. [10,20], from the
Yukawa model and QED to QCD, and also an extension of
Ref. [12], from the gluon propagator to the quark propa-
gator. Since there is self-coupling of the gluon and the
color structure of the off-diagonal propagator (which is an
important quantity in our analysis and will be introduced
later) is complicated in general in QCD, the extension to
QCD is nontrivial and thus it deserves a paper.

This paper is organized as follows: We derive the GBE
near equilibrium that is equivalent to the self-consistent
equation obtained in the resummed perturbation theory
[4,10] in the linear response regime in Sec. II, in a similar
method to the case of the Yukawa model and QED [20]. We
also show that the Ward-Takahashi identity is satisfied, and
that the identity can be derived from the conservation of the
color current. In Sec. III, we analyze the properties of the
ultrasoft fermion mode such as the dispersion relation,
damping rate, and residue in QCD, by solving the GBE
in some momentum region as in the case of the Yukawa
model and QED [10]. Section IV is devoted to obtaining
the equation determining the n-point function whose
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external lines are a pair of quarks and (n — 2) gluons
with ultrasoft momenta. We summarize our paper and
give concluding remarks in Sec. V. In Appendix A, we
show that the longitudinal component of the off-diagonal
propagator introduced in Sec. II is much smaller than the
transverse component of that quantity. We give a detailed
derivation of Egs. (2.51) and (2.64) in Appendix B.
Appendix C is devoted to the derivation of Eq. (3.1).

II. GENERALIZED BOLTZMANN EQUATION

In this section, we derive the GBE that is equivalent to
the self-consistent equation obtained in the resummed
perturbation theory [4] from the Kadanoff-Baym equation
[21,22] by using the background field gauge method [23],
which enables us to obtain the resultant equations in a
gauge-covariant way. We also check that the resultant
kinetic equation satisfies the Ward-Takahashi identity,
which is a necessary condition of the SU(N) gauge
invariance.

A. Background field gauge method

Let us introduce the background field gauge method
[21,23]. In this method, the following generating func-
tional is used:

72, m, 7AW, ¥
:=[MhID¢1@¢IDﬂmx1
X exp (l/ d4x(£[AfL +ay, ¥+, ¥+ ]
C

+£W—wa+&n+ﬁwﬂ @1

where the time integral is defined using the closed-time-
path formalism [21,24]: [.d*x = [.dx" [ d*x, where
J ¢ dxV is the integral along the contour C, which is defined
in Fig. 2 and consists of C*, C, and C°. Here tr is larger
than any time we consider. A}, and aj, are the vector fields,
¥ (¥) and () the (anti)spinor fields, ¢ () the (anti)

FE —field theory — ~kinetic theory— fermionic modes

One-loop .
T (generalized) Normal fermion
g (HTL " rmion,
approximation) asov eq. Plasmino
2 Resummed (generalized)
g perturbation || Boltzmann eq. ’ Ultrasoft mode
theory

FIG. 1 (color online). The correspondence between the dia-
grammatic methods and the kinetic equations, and the fermionic
modes that result from the analysis using the two methods. The
vertical axis denotes the energy scale.
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FIG. 2. The contour C in the complex x° plane.

ghost field, ji, the external current, and 7 (%) the external
(anti)fermion source, respectively.
The Lagrangian of QCD is defined as

. Ny 1
Lla, , §1=i> ¢ Plalyy; — JFrelalFglal @)
j=1

where F4, = 9,a% — d,a% — gf**aba; is the field
strength, D, [a] = 0, + igaf,t* the covariant derivative
in the fundamental representation, ¢ (a = 1, L.N2=1)
the generator of the SU(N) group in the fundamental
representation, £’ the structure constant of the SU(N)
group, respectively. We note that Ny, the flavor number,
and N, the color number, are not specified in this paper,
because we want to see how the expressions of the prop-
erties of the ultrasoft mode, which will be analyzed in
Sec. III, depend on N and Ny. In the real world, N = 3.
Since we are considering the case that the quark current
mass is negligible in every flavor, we drop the index for the
flavor from now on.

We adopt the temporal gauge fixing, which was used in
the analysis based on the resummed perturbation [4]. In
this gauge-fixing, the Faddeev-Popov term is

Gl

Lo =
FP )

Zu(% 8ab _ fudb(A + a)g)g“”,
2.3)

where the gauge-fixing function is G°[a] = af with
A — oo, which is equivalent to the following constraint:

ag = 0. 2.4)
We note that the possible gauge-fixing dependence needs
to be checked apart from the covariance with respect to
the background gauge transformation, which will be
introduced later.

In the background field gauge method, we impose the
following conditions:

(aiy =) =(P)=0.

Al ¥ (¥) become equal to the gluon and the (anti)quark
average field after imposing these conditions [23].

2.5
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We note that the action in Eq. (2.1) is invariant under the
following transformation [21]:

V() = hP(x), V) — Pt (),
(x) = h(x) (), ¢ (x) = ¢ ()ht(x),
A% (x)7 — h(x)AS ()Rt (x) — éha#m(x),

ag, ()" — h(x)aﬁ(x)t”h*(x),
J (01" — h(x)j4, () AT (x), n(x) = h(x)n(x),

7(x) = 7(0)AT (x), {401 — h(x){“ () ht (x),
{001 — AT (x) ()1 (), (2.6)

where h(x) = exp[i0%(x)?].

B. Derivation

We consider the following situation: The system is at
equilibrium in which the temperature is T before the initial
time #. Then, external quark, antiquark, and gluon external
sources disturb the system, and hence the system becomes
a nonequilibrium state. In this paper, we focus on the case
where the external fermion source is so weak that we need
to retain only the contributions that are in the linear order in
the magnitude of the fermionic average field ¥ to the
induced fermion source, which will be introduced later.
Due to the linear response theory, analysis in such situation
is equivalent to the computation of the fermion propagator
with ultrasoft momentum at equilibrium. We note, how-
ever, that the induced fermion source contains all the order
contributions in Aj, in our approximation, in which we
have a good machinery to compute the n-point function
whose external lines are two ultrasoft quarks and (n — 2)
ultrasoft gluons, not only the ultrasoft fermion propagator.
In this sense, we are going to analyze the region which is
beyond the linear response regime. The derivation will be
performed in a similar way to that in Refs. [12,20]: we will
apply the gradient expansion and the weak coupling ap-
proximation to the Kadanoff-Baym equation [21,22]. We
note that both of them are justified by the smallness of the
coupling constant, as we will see later.

By performing an infinitesimal variation of the integral
variable in Eq. (2.1), we get the following equations:

(P JA + al(¥ + §)(x) = n(x), 2.7)

(DLA + a)* FP ,[A + a] — g{(F + §)t*y (¥ + ¢)
= [*80u(" L) = Ju (). (2.8)

Here D plal =0, + igaf,T* is the covariant derivative in
the adjoint representation, where (T%),. = —if¢ is the
generator of the SU(N) group in the adjoint representation.
By imposing Eq. (2.5), we get the following equations of
motion for the average fields:
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iP [AI¥(x) = n(x) + 9ipa(x), 2.9

DGIAIFPEIAY(x) — g W)y P (x) = j#(x) + ji ().
(2.10)

Here 7;,4 and j; /| are the induced fermion source and the
induced color current defined as

Nina(x) = g1 (x) P (x)), 2.11)

Jima () = gl 1k ) + g0, (8" )

+ gferer#rA(aba,ab) + gZF"fbVC’;AANaCaA)

+ ngahcfcde<afJ/adpdaev>y (212)
where we have introduced I'#PAY = 2gHP ghv — ghhrgPV —
g’ gP* and

o 1
A
ngVCPd = E[feabfecd(g,upgv)\ _ g,u/\gvp)
+ feacfedb(gﬂ)\gpv _ g,uvg/\p)
+ feadfebc(gﬂugp/\ _ g,upg/\v)]_

It was shown [21] that Egs. (2.9) and (2.10) transform
under the gauge transformation given in Eq. (2.6) in a
covariant way.

By differentiating Eq. (2.7) with respect to j**(y) and
Eq. (2.8) with respect to 7(y), we get the following
equations:

(2.13)

Bnlnd(x)
sjra(y)’
(2.14)

iB.[AIK (x, y) — gy" Dy, (x, )P W (x) =

(D*[A])P g+ — (D*[AID"[A])*
+ 2ig F*AITS,) Koy, x) — (P )y ()¢ (v))

a md(x)
+ S0y, 0ty W (x)) = 500) (2.15)
where we have introduced the following propagators:
Dyl (x, y) = (Teag, (x)as(y)), (2.16)
S(x,y) = (TP H)), (2.17)
K (x y) = (Tep(x)ag(y)). (2.18)

Here T means the path-ordered product whose path is C:

Db (x, y) = 0c(x, yO)D 5P (x, y) + 0c(3°, xO)Dab (x, y),
(2.19)

S(X, )’) = ec(xor YO)S>(X; )’) - BC(yO: xO)S< (x» Y), (220)
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K4 (x,y) = 0c(x% YK (x, y) + 0c0° xO)K;(x, ),
2.21)

where we have introduced the step-function along the
contour C, 0.(x, y), and the following functions:

D80 (x, y) = (a4 (x)ab(y)), (2.22)
Ds(x, y) = (ab(y)as,(x)), (2.23)
5706 y) =) P»), (2.24)
S=(x,y) =P K), (2.25)
K74 (x, y) = (¢ (x)as,(y)), (2.26)
K (x y) = (af ()¢ (). (2.27)

In fact, K,;%(x, y) coincides with K;“(x, y) in our approxi-
mation as in the case of the Yukawa model and QED [20],
so we simply write these two functions as K¢ (x, y) from
now on. We call K§, the “off-diagonal propagator” since
that quantity is the propagator between the quark and the
gluon [20]. We note that K, vanishes at equilibrium. The
off-diagonal propagator is the most important propagator
in our analysis, which can be seen from the discussion in
Sec. IID. The transformation form of these propagators
under the gauge transformation is given in Ref. [21].
From Eq. (2.4), we get
Dl (x,y) =

D(x,y) = 0 (2.28)

K§(x,y) =0 (2.29)
Because of these constraints, we do not have to deal with
the temporal components of these propagators.

By setting x° € C* and y° € C™, and interchanging x
and y in Eq. (2.15), we get

B IAKE () = g9/ D(a ) = 150,
(2.30)
(B[AY) g — (DTATBTAT) + 2ig FULATTS, ) K (3, 3)
+gS ()t y W (y) =i ]‘“d(y), (2.31)
81 (x)

where we have neglected W(y){((y)¢(x)) because
(¥ (y)(x)) contains more than one average quark field.
The induced source terms are evaluated as follows [20]:
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5 .
5’;—‘1((;;) — [ @t 9K ) + F DD (e )
= —ifjo d*z(3R(x, 2)K¢(z, y)
+ Ef(x, 2)D5"(z2, ), (2.32)
S . .
B — [ @t )+ 5 S )

= i [7 ez K )
— FRai(z, y)S<(x, 2)).

Here 3 is the quark self-energy, 11 ab the gluon self-energy,
and & ~“ the off-diagonal self-energy [20], and they are
decomposed as follows:

3(xy) =00 y)27 (x,y) —

(2.33)

NZ=(xy),

000, x (2.34)

4 (x, y) = 0c(x°, YOI (x, y) + 000, x4 (x, y),
(2.35)

40 y) = 0c( y)E47 (x, y) + 000, x)F4=(x, y).
(2.36)

We have also introduced the retarded quark self-energy 3%,
the advanced gluon self-energy Hﬁ‘;f’, and the retarded off-
diagonal self-energy Z%¢, which are defined as

SR y) =i )27 (xy) +3<(x, )] (2.37)
48P (x, y) = —i0(°, xO)II%57 (x, y) — 1195 (x, y)], (2.38)
R (x, y) = i0(x° Y)F5 (v, y) — 545 (6 y)] (2.39)

From Egs. (2.30), (2.31), (2.32), and (2.33), we have
iP[AIK{ (x, y) — gv/ D57 (x, y) 1" W (x)
= [ R K ) + ERI DG ),
(2.40)
(DA g1 — (DAIDI[A])
+ 2igFU[A]TS,) K2 (x, y) + gS=(x, y)ty' P (y)
= [ @i K 2) - 5 S w2
. (2.41)

Now we perform the Wigner transformation [21], which
is defined as

fk X) = f d*seits f(X + % X — %) (2.42)
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where s =x —y, X = (x + y)/2, and f(x, y) is an arbi-
trary function. After this manipulation, Egs. (2.40) and
(2.41) become

(lé + %IZX - gAb(X)tb)Kla(k, X) — g,ijj<iba(k’ X)tblIf(X)

= 3Rk, X)K{(k, X) + ZR0i(k, X)D5(k, X),  (2.43)

{[(—k2 + ik - 0y)8,, — 2gk - AC(X)(T€) ] gl
— {[—k’kf + %(a;w‘ + kla{()]é"b
— g(T)* (KA (X) + Acl(x)kf)”K;’(k, X)

+ gS<(k, X)t"y'P(X)
— FRai(k, X)§<(k, X).

— [TAabii(k, X)K? (k, X)
(2.44)

Here we have used the gradient expansion [12,19] by
assuming k >> dy, as in Ref. [20], and set i — [ in the
latter equation. This assumption is justified [20] by using
the fact that k ~ T and 9y ~ g>T, which is valid since we
are focusing on the ultrasoft energy region. By multiplying
Eq. (243) by (K + ifyx/2 — gA*(X)t> — 3R(k, X)), multi-
plying Eq. (2.44) by the projection operator into the
transverse component P/ (k), which is defined as P, (k) =
8ui8vj(8:j — lg,lgj) with &; = k;/|k|, and subtracting the
latter from the former, we obtain

(2ik - dy — 2gk - AP(X)1* — {§, SR (k, X)})K4(k, X)
— 2gk - A(T.)* Kb (k, X) + Ph(k)TA (k, X)K* (k, X)
= g(kD351(k, X) + PL(k)8,, S~ (KNI (K, X), (2.45)

with g% (k, X) = g1y, W(X) + ER(k, X). Here we have
neglected the longitudinal component of K¢ (k, X), which is
much smaller than the transverse one as is shown in
Appendix A, and used PL(k)K*(k, X) =~ —K¢(k, X).

The diagonal propagators in the right-hand side can
be replaced by that in the free limit at equilibrium since
we are considering the case where the system is near the
equilibrium so that the induced fermion source contains
only one average fermion field (¥) [20]:

SO=(k) = Kp°(l)n(K), (2.46)

DY (k) = 8.4, p° (k)np(k°) P (k), (2.47)
where p(k) = 2msgn(k°)8(k?) is the free spectral function
and np(k°) = (eX/T + 1)7' [np(k°) = (X7 — 1)71] is
the fermion (boson) distribution function at equilibrium.
We note that only k satisfying k> = 0 contributes to the
fermion induced source since 8§(k?) appears in the right-
hand side of Eq. (2.45).
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Now let us see that the self-energy terms in Eq. (2.45) are
not negligible in comparison with the first term in the left-
hand side, i.e., 2ik - dxK¢(k, X). First, we evaluate the
diagonal self-energy terms. The dominant parts of the
diagonal self-energies are those at the leading order and
at equilibrium. Their diagrams are shown in Figs. 3 and 4
and their expressions are given as follows:

(¥, SRCA(k)} = m2 — 2i{,K°, (2.48)

PT (k)[TACdabar (k) = — 5 PTY (k) (m?2 + 2i{,k°),

where m, = gT\[C;/2 [m, = gT,/(N + N;/2)/6] is the

quark (gluon) asymptotic thermal mass [25], with C; =
(N?> — 1)/(2N). ¢, (£,) is the quark (gluon) damping rate,
which is of order g?T'In(1/g) [3]. We have used the fact
that k ~ T and k> = 0. Since Eqs. (2.48) and (2.49) are of
order g>T?, we confirm that the diagonal self-energy terms
in the left-hand side of Eq. (2.45) have the same order of
magnitude as that of 2ik - 9xK¢(k, X) in the left-hand side
because k ~ T and 9y ~ g>T. For this reason, we cannot
neglect the diagonal self-energies in that equation, in
contrast to the soft case (dy ~ g7) [19].

As in the diagonal self-energies case, the off-diagonal
self-energy needs to be taken into account. The expression
of the off-diagonal self-energy at the leading order, whose
diagrams are shown in Fig. 5, is given by the following
equation:

(2.49)

d*k’

(2 )4 vit? SOR (k + k’)y“t"Kb(k’ X)
52 thORcd K — ki abc
X [gHQ2K — k)* + ghi(—k — K)!

+ g2k — K)]KE (K, X),

Sron(k, X) = -

(2.50)

where S°R(k) = —f/[(ko + i€)*> — k?] and DIRed(k) =
—8<UPT (k)/[(ky + i€)* — K2] + kik,,/ (ko + i€)?}  are
the free quark and gluon retarded propagator at equilib-
rium, respectively. By making an order estimate of
Eq. (2.50), we see that the off-diagonal self-energy term
in Eq. (2.45) has the same order of magnitude as that of
2ik - 9xK¢(k, X), and thus that term cannot be neglected.

Mi

FIG. 3. The quark retarded self-energy 3®€?(k) whose mo-
mentum is hard in the leading order. The solid line is the quark
propagator and the curly line is the gluon propagator. We note
that the gluon propagator in this figure is the HTL-resummed one
[29], which results in the anomalously large imaginary part ({,)
of IR (k).

-
<
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mrfs*@fr;r+m€z9m
Ll

FIG. 4. The gluon advanced self-energy ITACD0#* (k) whose
momentum is hard in the leading order. The notations are the
same as in Fig. 3. The gluon propagators in the second diagram
are the HTL-resummed ones [29], which result in the anoma-
lously large imaginary part ({,) of ITA€94b~7(k). The diagram
which has ghost propagators is omitted since its contribution to
the transverse sector of ITACDbrv (k) is zero.

By inserting Egs. (2.46), (2.47), (2.48), (2.49), and (2.50)
into Eq. (2.45), we obtain the following equation (see
Appendix B for a detailed derivation):

ik - 0y — 2gk - AP(X)t® + 2iZk0 + Sm?)K¢(k, X)
— 2gk - A°(T€) ., Kb (K, X)

= kp ()P (k) (np(k°) + np(ko))gt“<7f v (X)

d4kl kl,yj + ,ylk/j
+ gt? Kb (K, X ) 2.51
g (277_)4 k . k/ 1 ( ) ( )
where we have introduced
N 1 N
dm? =m2 — m2 = 2T2( +o—+ —f) 2.52
mr =g —mg = ety T ) @D

and { = {, + {,, and used the relation PS(k)K”l(k, X) =
—K¢(k, X) again. We note that this equation transforms in a
covariant way under the gauge transformation Eq. (2.6),
which can be confirmed by using the transformation
property of K¢(k, X) [21],

Ké(k, X) = h(X)K? (k, X)h**(X), (2.53)
where A(x) = exp[i6%(x)T?]. The diagram that corre-
sponds to Eq. (2.51) is shown in Fig. 6. From Eq. (2.51),
we get the following equation for K;(k, X) = *K¢(k, X):

LTUNE T

FIG. 5. The off-diagonal self-energy :“ (k, X) whose momen-
tum is hard in the leading order. The propagator that is composed
of the solid line and the curly line with the black blob is the off-
diagonal propagator. The other notations are the same as in
Fig. 3.
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FIG. 6. The diagrammatic representation of the self-consistent equation for K’ at the leading order. For simplicity, Af, is set to be
zero. The solid (curly) line with a black blob is the resummed quark (gluon) propagator, whose information is reflected in Egs. (2.48)

and (2.49).

ik - 9y — 2gk - AYX)r + 2i§k0 + 3m2)K,~(k, X)
= $C K (RPT(K) (np(K) + nF<k°>>(yf11f<x>

d*K kl,yj + ,ylk/j
_l’_
Sl et kK

K (K, x)). (2.54)

From this equation, we confirm that K;(k, X) transforms
under the gauge transformation Eq. (2.6) in the same way
as W(X) in contrast to K¢(k, X).

By introducing A ,, - (k, X), which is defined by K, (k, X) =
2m8(K)[0(k)A 1 (k,X) +0(—k°)A ,_(—k,X)], we arrive
at the following GBE':

Sm?
k[
= 28CPnp(IK|) + np(IkDIW(X) — g2Cryblnp(k])
3/
#nalkDIP W) 3, / (‘;Tkp -
slklvey, = |K/|v),
k||k'|v - v

(Ziv DyA] =2 ZiJ)Ai(k, X)

Y ALK, X), (2.55)

where v* = (1,k) and v'* = (1, k'), with k = k/|k]|.
Since the structure of this equation is the same as that in
QED [20], the interpretation of each term in that equation is
the same as in the QED case [20].

C. Linear response regime

When A = 0, the color structure of the off-diagonal
propagator becomes simple. In this case, Eq. (2.51)
becomes

'In the case of the analysis of the lightlike momentum instead
of the ultrasoft one, an equation which is similar to this equation
was obtained before [26]. However, the equation in Ref. [26]
does not contain all the leading contributions: the equation does
not contain the third term in the left-hand side and the second
term in the right-hand side in Eq. (2.55).

ik - dy + 2ifk0 + Sm2)K4(k, X)

= kp® ()P (k) (np(k°) + np(ko))gt"(v“l’(X)

d4k/ kl,yj + ,ylklj
+ gtb [(277)4 T Kf’(k’, X))

(2.56)

This equation tells us that K{ has the following color
structure:

Kk, X)

Ki(k, X) =1t
e X) = e

(2.57)

In the present case, K;(k, X) has the same color structure as
that of ¥(X). For later use, we point out that S has also
the same color structure as K{. By using Eqgs. (2.57) and
(2.56) becomes

ik - dy + 2ilkY + Sm?)K;(k, X)

= ¢Co (P m5 &) + mp (K (70

d4k/ kl,yj + ,ylk/j
+ K, (K, X)).
o= eyl ))

(2.58)

D. Equivalence between generalized Boltzmann
equation and resummed perturbation
Let us show that the GBE in the A} (X) =0 case is
equivalent to the self-consistent equation derived in the
resummed perturbation [4]. For this purpose, we write
the off-diagonal propagator in terms of the off-diagonal
self-energy using Eq. (2.58):

k- p + 2ilk° + 6m?)K,(k, p)
= gkp (k) PL(k)(np(K°) + np(k°)[V (, p).

Here we have performed the Fourier transformation as
f(p) = [d*X/(2m)*eP X f(X), where f(X) is an arbitrary
function, and introduced I(k, p), which is defined as

(2.59)
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FIG. 7. The self-consistent equation that is equivalent to the generalized Boltzmann equatlon Eq (2.60)], which was obtained
diagrammatically in Ref. [4]. The vertex with a blob is I", (k, p). The four-point function, or “rungs” [8], which is denoted by a gray
square, is introduced for the comparison between the analysis of the ultrasoft quark self-energy and the computation of the transport

coefficient.

Tk, p) = 1T (k, p)/Cy. Since Z¥ has the same color
structure as that of ¥, so does I'V. Now we can obtain
the self-consistent equation in terms of the off-diagonal
self-energy, by inserting Eq. (2.59) into Eq. (B3):
Ti(k, p) o d*kl Kyl + yik
c, T8 )ent kK
15’ O(k")PT (k") (np(K") + np(k"))
2k - p + 2ilk° + Sm?

I'(¥, p),

(2.60)

where we have introduced I';(k,p) by I.(k p)=
I';(k, p)¥(p); note that I";(k, p) does not have a color
structure. This equation is none other than the self-
consistent equation in Ref. [4]. By comparing Eq. (2.60)
with the self-consistent equation in Ref. [4], we see that
I'¢(k, p) = t“I';(k, p)/C; is the vertex function introduced
in Refs. [4,10] whose momenta are hard and ultrasoft.
We see that the color structure of I'¢ is the same as that
of the bare vertex, t“7y;, as was shown in Ref. [4] in a
diagrammatic way, by using the fact that I'; does not have a
color structure.

Also the induced fermion source can be expressed in
terms of the vertex correction: from the definition of
Nina(X) in Eq. (2.11) and its Fourier transformation,
we have

d*k
Nina(p) = gty* f(277-)4 K¢ (k, p)

[ d*k
=57 [ aKitk p) @.61)

By using the relation [19-21]
Nina(p) = SR (p)¥(p), (2.62)

which is valid in the linear response regime, and Eq. (2.59),
we obtain

d*k Kp ()P (k)(np(k°) + np(k°))
Qmr Y T 2k p + 200K + om?
X I'i(k, p).

3R(p) =

(2.63)

This expression coincides with that in Ref. [4]. Thus we see
that our kinetic equation is equivalent to the self-consistent
equation in the resummed perturbation [4]. This equiva-
lence establishes the foundation of the resummed pertur-
bation scheme. The diagrammatic expressions [4] of
Egs. (2.60) and (2.63) are shown in Figs. 7 and 8. For later
use, we drew Fig. 7 by using the four-point function, or
“rungs” [8,9], which is denoted by a gray square.

By using the correspondence between the self-consistent
equation in the resummed perturbation theory [4,10] and
the GBE [Eq. (2.55)], we can obtain kinetic interpretations
of the procedures of the resummed perturbation theory.
Since the structure of the GBE is almost the same as that in
the QED case [20], we refrain from giving the interpreta-
tion of the resummation scheme in this paper.

Here we compare the resummed perturbation for analy-
sis of the ultrasoft fermion self-energy [4,10] and that for
computation of the transport coefficient [8]. For this pur-
pose, we draw the diagrammatic expression of the self-
consistent equation [9] in the resummed perturbation
theory used in the computation of the electric conductivity
in Fig. 9. We note that this self-consistent equation is
equivalent to the usual Boltzmann equation [13]. By com-
paring Figs. 7 and 9, we see that only tree-level rungs are
retained in the calculation of the ultrasoft quark self-energy
while the one-loop rungs” have to be taken into account in
the computation of the electric conductivity. It is because
that only the imaginary parts of the four-point functions
contribute in the computation of the transport coefficient,
which makes the tree-level four-point function’s contribu-
tion vanish. This difference of the absence of the contribu-
tion from the real parts can be understood by checking the
forms of the terms which contain the momentum integral in

*Due to the presence of the collinear singularity, another
resummed vertex denoted by a gray circle in Fig. 9 needs to
be included in the one-loop rungs [9]. Physically, the inclusion of
this resummed vertex is interpreted as taking into account the
Landau-Pomeranchuk-Migdal effect [27]. By contrast, there is
no collinear singularity if we consider only the tree-level rungs,
so the Landau-Pomeranchuk-Migdal effect does not need to be
taken into account in the analysis of the ultrasoft fermion self-
energy at the leading order.
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FIG. 8. The quark self-energy 3%(p) whose momentum is
ultrasoft in the leading order.

the usual and generalized Boltzmann equation, and which
are absent in the usual and generalized Vlasov equation
[19,21]; in the linearized Boltzmann equation, which is
equivalent to the resummed perturbation for transport co-
efficients, the collision term contains the square of the
matrix element, which is connected to the imaginary part
of the self-energy [12,13,21]. By contrast, it is not the case
in the generalized Boltzmann equation, which is equivalent
to the resummed perturbation for the ultrasoft fermion self-
energy: ZR%(k, X) in Eq. (B3) does not have such form.

E. Ward-Takahashi identity

We show explicitly that the Ward-Takahashi (WT) iden-
tity derived from SU(N) gauge symmetry is satisfied in the
present analysis in this subsection. We also show that the
WT identity can be derived from the conservation law of
the current.

By multiplying Eq. (2.50) by k*, we obtain

k, ERaE(k, X) = gt Nina(X). (2.64)

See Appendix B for the detailed calculation. This equation
generates the WT identity at the leading order by setting

“@=0

0 .

Now we show that the WT identity can be derived
from the conservation law of the color current, which
reads [19,21]

3t (x) = ig 19 (W ()19 0ig (X) = Dina ()19 W (x)),

I I

(2.65)

Y

FIG. 9. The self-consistent equation and the expression of the
photon self-energy in QED, from which the electric conductivity
is calculated [9]. The gray circle is another resummed vertex
which is found to be necessary by performing the power count-
ing in which the collinear singularity is taken into account. This
vertex function is determined by another integral equation [9].
We note that the real parts of the rungs do not contribute to the
electric conductivity. The self-consistent equation is equivalent
to the Boltzmann equation near equilibrium [13].

PHYSICAL REVIEW D 87, 096011 (2013)

where we have set A% = 0 and introduced j, = *ji%. By
differentiating Eq. (2.65) with respect to ¥(y), we get

3 =2 (0, 0) = g198(x* = y°) 8P (x — ) mipa(x).  (2.66)

Here we have set x°, y° € C", and neglected the term
which is of order g37W. By multiplying this equation by
[ d*sexp (ik - s) and taking only the leading-order terms
[20], we find

— K, ERE(—k X) = g1 g (X)), (2.67)

We see that this equation is nothing but Eq. (2.64) by using
the color structure of Z®# in the linear response regime.

II1. ULTRASOFT FERMION MODE

In this section, we show the existence of the ultrasoft
mode in QCD, and obtain the expressions for the pole
position and the residue of that mode by solving the
self-consistent equation that determines the off-diagonal
propagator in the linear response regime, Eq. (2.58). We
focus on the momentum region p << g2T with p = (p° +
i{, p), in which we can solve the self-consistent equation
analytically.

As a result of the analysis using Eqgs. (2.58) and (2.61),
we find that the quark retarded self-energy with the
momentum that satisfies p << g?>T has the following
expression:

Y

Z b
where Y(p)=p’y’ +p-y/3 and Z=g>C,/(167°1?A?),
with A = g?T?C;/(86m?) and the expression of A is

XR(p) = (3.1

p’T
A& A N o N & &

plg’T

FIG. 10 (color online). The dispersion relation in the fermionic
sector. The vertical axis is the energy p°, while the horizontal
axis is the momentum |[p|. The solid (blue) lines corresponds to
the normal fermion and the antiplasmino and the bold solid (red)
one to the ultrasoft mode. The dotted lines denote the light cone.
Since our analysis on the ultrasoft mode is valid only for |p| <
g2T, the plot for |p| = g?T may not have a physical meaning.
The residue of the antiplasmino becomes exponentially small for
|p| > gT, so the plot of the antiplasmino does not represent
physical excitation for |p| > g7, either. The parameters are set
as follows: g = 0.2 and N = 3.
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TABLE I. The dispersion relation, the damping rate, and the
residue of the ultrasoft fermion mode in QCD.

*Ipl/3
2 N{f+5§b~g?Tln2g_‘2 2
g2 GN tay 3N  ~ ¢

Dispersion relation
Damping rate
Residue

obtained in Eq. (C5); see Appendix C for a detailed deri-
vation. Since Z ~ g2, 3%(p) is much larger than the inverse
of the free part of the quark propagator. Thus, the ultrasoft
quark retarded propagator at the leading order is

1
SR(p) =~
(p) SR()
O e 2 Y+p-y
- E(p“rlpl/?erig p0_|p|/3+i§)- (3.2)

This expression implies that there is a fermionic excitation
in the ultrasoft region, which was suggested originally in
Ref. [4], whose pole position is

o_ ol .
p 3 il
This expression means that excitation’s velocity is 1/3 and
the damping rate is ¢ ~ g?T'In(1/g). The dispersion rela-
tion of the mode is plotted in Fig. 10 with those of the two
soft fermionic excitations [7], for comparison. The residue
of that pole is

3.3)

2 83 2\2
Z= g2 (Cf'+ 2m2)
167-Cp\ - g T

N 5 1 2 2
G+ gy +3m)

2 N 3.4
E 822 —-D\6 " 2N 3 34

If we set N = 3 and Ny = 3, the expression becomes

49
4872

We emphasize that these expressions are obtained in
this paper for the first time in QCD. These results are
summarized in Table I. We note that the expressions are
qualitatively the same as those in the Yukawa model and
QED [10].

Z=g (3.5)

IV. n-POINT FUNCTION (n = 3)

In this section, we obtain the equation determining the
n-point function whose external lines consist of a pair of
quarks and (n — 2) gluons with ultrasoft momenta, where
n = 3. We also make an order estimate of the n-point
function by using that equation. We note that the equation
was obtained by going beyond the linear response theory,
and it is a merit of the Kadanoff-Baym formalism.

The fermion induced source also generates an n-point
function, not only the two-point function of the quark,
which was analyzed in Sec. IIC. Here we work in

PHYSICAL REVIEW D 87, 096011 (2013)

the n =3 case. In this case, we use the following
relation [12,19,20]:

8W(p —q—nrgdl(p, —q, —r)

_ 8% Mina(P)
0V (q)8A (1) | aw=o

[ d'%k 8Kk p)
2m)* 8W(q)SA X (r)

=gy 4.1)

A¥=0

Here goI',(p, —q, —r) is the quark-gluon vertex correc-
tion function whose momenta (p, —¢g, and —r) are
ultrasoft. To determine 61"}, (p, —¢q, —r), we expand the
off-diagonal propagator in the following way:

Kk, X) = K;(k, X)s—o + 6K;(k, X) + O(A*W¥), (4.2)

where K;(k, X)4—o is in the linear order in ¥ while
8K;(k, X) is so in ¥ and A¢,. By collecting the terms that
are in the linear order in ¥ and A{,, Eq. (2.54) becomes

Qik - dy + 2ik0 + Sm?)SK,(k, X)
— 2gk - A“(X)1°K;(k, X) 40
= 2Cikp° (k) PT(k)(np(k°) + np(k°))

fd4k/ kl’)/j+’)/lk/j
Qm)t kK

Since K;(k, X)4—¢ is determined from Eq. (2.58), we can
determine O8K;(k, X) from this equation. By using
0K;(k, X), oI\ (p, —g,—r) can be obtained from
Eq. (4.1). The similar analysis can be done also in the
case of n = 4.

Here we make an order estimate of the three-point
function. Since k ~ T and 9y ~ g>T, we see that Ki_o~
g 'T73W¥ by using Eq. (2.58). From this estimate and
Eq. (43), we find that 8K; ~ g 2T *WA*. Therefore,
the vertex correction whose momenta are ultrasoft is esti-
mated as g6'* ~ g~!. We note that this quantity is much
larger than the bare vertex, which is of order g. Similarly,
in the case that n = 4, the n-point function is of order gz’”.

SK,(K, X).

(4.3)

V. SUMMARY AND CONCLUDING REMARKS

We have derived the generalized Boltzmann equation
from the Kadanoff-Baym equation for quark excitation
with an ultrasoft momentum ( ~ g2T) near equilibrium,
and have showed that the equation is equivalent to the self-
consistent equation obtained in the resummation scheme
[4] that is used in the analysis of the quark propagator with
an ultrasoft momentum, in the linear response regime in
QCD at extremely high T. We have obtained the expression
of the dispersion relation, the damping rate, and the
strength of the ultrasoft fermion mode for the first time
in QCD, by solving the generalized and linearized
Boltzmann equation. We have showed that the Ward-
Takahashi identity is satisfied in our approach, and that
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identity can be derived from the conservation law of the
current. We also have obtained the equation that deter-
mines the n-point function containing a pair of quarks
and (n — 2) gluon external lines whose momenta are ultra-
soft. We note that this equation was obtained by retaining
the nonlinear response caused by the gluon average field in
the Kadanoff-Baym equation, and the resummed perturba-
tion has not been able to produce the equation.

As we mentioned in Sec. II A, the possible gauge-fixing
dependence® should be checked by adopting gauge-fixing
other than the temporal one. Also, though the analyses in
this paper and the previous one [10] are restricted to the
Yukawa model, QED, and QCD, it is possible to extend
the analysis to other fermion-boson systems. In particular,
investigating the fermionic spectrum with ultrasoft
momentum at high temperature in the Weinberg-Salam
theory is an interesting task since the investigation can
be relevant to the analysis of the properties of the early
Universe [28].
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APPENDIX A: SMALLNESS OF LONGITUDINAL
COMPONENT OF OFF-DIAGONAL PROPAGATOR

In this appendix, we show that the longitudinal
component of the off-diagonal propagator, k'K¢(k, X), is
negligible compared with the transverse component.

d4k/ kj,yi + ,yjk/i
2m)* k-k

ERai(k’ X) ~ gZ(Iatb _ l'fabctc) [(

KK, X)

PHYSICAL REVIEW D 87, 096011 (2013)

By multiplying Eq. (2.43) by (¥ + #x/2 — 3R(k, X))
and subtracting Eq. (2.44) from that quantity, we get

— k' K4(k, X) = —IT1A%i(k, X)K" (k, X)
+ g(S<(k, X)[“(k, X)

+ [ (k, X)Dj5;7(k, X)). (A1)
Here we have set A (X) = 0 for simplicity, neglected the
terms that are of order g>T°K¢(k, X), and set k — i in
Eq. (2.44). From this equation and Eq. (2.45), we see that
the longitudinal component of the off-diagonal propagator,
k'K 4(k, X), has the same order of magnitude as gK¢(k, X).

APPENDIX B: CALCULATION OF
OFF-DIAGONAL SELF-ENERGY

We derive Eqgs. (2.51) and (2.64) in this appendix. First
we derive Eq. (2.51). To this end, we transform Eq. (2.50)
in the following way:

d*k! Kyt + Yk

FRai(k, X) = g P19 K? (', X)

Qm* kK
&K (PT (kK — k)
+ i abctc 2 m( Im
Y ) G T2
(kl - k)l(k/ - k)m

2k/i lj _ oij k+ Kk l
(klO _ kO)Zlk/ _ k|2)[ 8 g ( )
+ 2kfg”]K§’(k’, X). (B1)
Here we have used k'K¢(k, X) =~ 0 and k*> =~ k"> ~ 0, and
neglected the term that is proportional to k' since this term
does not contribute to Eq. (2.51) due to the presence of
P,-Tj(k). We also have used KK¢(k, X) =0, which can be
checked by multiplying Eq. (2.45) by ¥ from the left. Using
k* =~ k> ~ 0 again, we get

d*k oy K — k) (K — k o -
_ ifabctcg2f Y <8lm _ ( )Z( )m>[2k/zgl] _ gl](k + k/)[ + Zngzl]KJb(k/’ X)

Q) 2% K
d*k k' + ik

(k/O _ kO)Z

=~ g2(t%t" — if*er) [ LAY Kb (K, X)
. - d4k/ ,ym ) ) o km(lkIIQ _ kOk/()) + k/m(|k|2 _ k()kIO)
_ lfabctch (277-)4 p— I:k”gm] + kigim — gii (klo - k0)2 ]K/b»(k/, X). (B2)

In the last line we have used k* =~ k"> =~ 0 and k'K¢(k, X) ~ 0, and neglected the term that is proportional to k as before.
We note that in the derivation of Eq. (2.51), the term that is proportional to ¥ in Eq. (B2) can be neglected since it
yields a higher order contribution after being multiplied by ¥. By neglecting the term that is proportional to ¥ and using

*We note that the analysis in the Coulomb gauge and the temporal gauge was performed in QED, and we found no differences in the
ultrasoft fermion propagator in the two gauge-fixing conditions [20].
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KK (k, X) =
g% term in Eq. (B2) vanishes. Thus that equation becomes

d*k kyl+ ik

PHYSICAL REVIEW D 87, 096011 (2013)

0, we see that y"k™ =~ y°k% and y"k"™ ~ y'k" in Eq. (B2). Using these properties, it is easily shown that the

ERai(k, X) = g2 PESE Kb (K, X). (B3)
By substituting this equation into Eq. (2.45), we will get Eq. (2.51).
Next, we derive Eq. (2.64). By multiplying Eq. (2.50) by k,, we get
d*k' K+ K d*k' PT (k' — k)
kER“”k,XZ 2 Jba /- ’K’?k’,X—i—'“bCz mtc< Im
(k' = k)K" = B \; : :
"0 — k0)2|k, — k|2>[glf(2k’ k= k*) — K(k+ k) + K (2k — k’)/]Kf?(k’, X)
d4k/ ifabctc,ym (k/ _ k)l(k/ _ k)
~ Iatb abctc ij k/ X + 2 (5 _ m)
g [(2 )4( f )y ( ) (277_)4 (k/ _ k)2 Im (klo _ k0)2
X [g4(2k" - k — k) + ki (k — k') ]Kj?(k’, X). (B4)

Here we have used ¥'K(k/, X) = 0 and K" K¢(k', X) = 0 in the last line. Using k> =~ 0 and kK" K¢(k/, X) =~ 0 again, we get

4!

d*k
@2m)*

K FRn(k, X) = g1 (X) — g2if st

(K

— k)k/

i b
YK (WK, X)

d*k’
+ g abctc 2[ 1[5 +
Kb (K, X) = g1 1ing(X).

We note that the contribution from the gluon self-
interaction partly cancels the contribution from the
quark-gluon interaction.

APPENDIX C: CALCULATION OF
RETARDED QUARK SELF-ENERGY
WITH ULTRASOFT MOMENTUM

We derive Eq. (3.1) in this appendix. First, we expand
the off-diagonal propagator as

Ki(k, p) = K" (k, p) + K" (k. p). ()

Here K EO)(k, p) [K fl)(k, p)]is the zeroth (first) order term of
the expansion in terms of /(g>T). By collecting the zeroth
order terms in Eq. (2.58) after the Fourier transformation,
we get

8m2 K% (k, p)

= Kp° () PT (k) (ng(k°) + np(k°))
d4k/ kl,yj + )/lk/j
Qm* kK

X gC f<7-’ Y(p)+g KOk, p)).

(C2)

To solve this self-consistent equation, we assume that the
off-diagonal propagator at zeroth order has the following
structure:

k)Z(k/O

k0)2 ((kIO k0)2 (k/ — k)z |k/ k|2)]

(B5)

@%km=§%¥¢wwym@w%+mw%wwwx
(C3)
where A is a constant. By utilizing this assumption, the
following expression is obtained [10]:
d4k/ kl,yj + ,ylk/j
Qm)? k- K

. gT?
KOW, p) = —ACyy

86m? ¥p)

(C4

where we have used that k is on shell in Eq. (C2) and
neglected the term that is proportional to ¥, which is
justified since its contribution to Eq. (C2) is negligible
due to the presence of another . By using this expression,
Eq. (C2) can be solved and the result is

1
1+ A

Collecting the first order terms in Eq. (2.58) yields the
following equation:

(€5

2k - pKO(k, p) + 5m*KV(k, p)
= 2Cykp° (k) P],(k)(np(k°) + np(k°))
d*k’ klyl + y'k

KD& p).
Qmt kK 1K p)

(Co)

Instead of solving this equation, we multiply this equation
by v’ and integrate over k. Then, the equation becomes
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d*k . k.
[(277)4 2k - ﬁY’Kz('O)(k, p) + ém? [W J’IKZ(I)(/C, p)

4
= gchf (577];4 Ko (k) Pij(k)(n (k)

d4kl kl,yj+,ylk/j

el [ S S KW )

(C7)

By utilizing the properties [10]

d*k . A
[ omi < pY KOk, p) =

and

(1]

(2]
(3]

(9]

gCrm T

oY (P)¥(p),

(C8)

d*k ,
Wlépo(k)v’PiTj(k)(nB(ko) +np(k%))
d4k/ kl,yj + ,ylklj
Qm?* kK
LT[ d

8 J m)*

KV, p)

~

~ Yy KO (K, p), (C9)
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we get
d*k . gC A>T
,[(277')4 'Yle(l)(k’ p)=— W Y(p)¥(p). (C10)

Thus, we can calculate the induced fermionic source
using Eq. (2.61):

YR

Z (C11)

nind(P) =

Here we have used the fact that the integral of

Kl(o)(k, p) vanishes because it is an odd function of k.
By remembering Eq. (2.62), we can obtain the quark
self-energy with an ultrasoft momentum, which is given
in Eq. (3.1), from the induced fermionic source given in
Eq. (C11).

We note that the same result can be obtained from the
resummed perturbation theory [4,10] because that scheme
is equivalent to the GBE.
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