-

View metadata, citation and similar papers at core.ac.uk brought to you byﬁ CORE

provided by Kyoto University Research Information Repository

Kyoto University Research Information Repository > KYOTO UNIVERSITY

Dynamics near QCD critical point by dynamic renormalization

Title group

Author(s) | Minami, Yuki

Citation Physical Review D (2011), 83(9)

Issue Date | 2011-05

URL http://hdl.handle.net/2433/145973

Right © 2011 American Physical Society.

Type Journal Article

Textversion | publisher

Kyoto University


https://core.ac.uk/display/39273963?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

PHYSICAL REVIEW D 83, 094019 (2011)
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We work out the basic analysis on dynamics near the QCD critical point (CP) by the dynamic
renormalization group (RG). In addition to the RG analysis by coarse-graining, we construct the nonlinear
Langevin equation as a basic equation for the critical dynamics. Our construction is based on the
generalized Langevin theory and the relativistic hydrodynamics. Applying the dynamic RG to the
constructed equation, we derive the RG equation for the transport coefficients and analyze their critical
behaviors. We find that the resulting RG equation turns out to be the same as that for the liquid-gas CP
except for an insignificant constant. Therefore, the bulk viscosity and the thermal conductivity strongly
diverge at the QCD CP. We also show that the thermal and viscous diffusion modes exhibit critical
slowing down with the dynamic critical exponents Zyerma ~ 3 and Zyiseous ~ 2, respectively. In contrast,
the sound propagating mode shows critical speeding up with the negative exponent zy,,,q ~ —0.8.

DOI: 10.1103/PhysRevD.83.094019

I. INTRODUCTION

An interesting feature of the phase diagram in quantum
chromodynamics (QCD) is the possible existence of the
critical point (CP), which is predicted by various effective
models of QCD and suggested by lattice QCD simulations.
The critical point is the end point of the first order phase
transition line existing in the low temperature (7)) region
[1].! Then, the significance of this QCD CP is that the
phase transition at this point is of second order, and thereby
we can expect critical phenomena due to large fluctuations
of various quantities at this point [8].

Then, a fundamental problem arises: what is the soft
mode of the QCD CP? A hint is that the baryon-number
susceptibility [9] diverges at the CP as first suggested in [9]
and is subsequently demonstrated in [10]. It has been
established that the fluctuating modes of conserved
densities are the soft modes at the CP [11,12]. Although
the o mode seems to be the soft mode, it couples with the
density fluctuation at finite density [9] and remains massive
[11-13].2

Furthermore, as a critical phenomenon, some authors
suggested a divergent behavior of bulk viscosity at the
QCD CP [15], although the validity of their argument is
very much controversial [16—18]; for instance, the ansatz
for the spectral function adopted in [15] may not neces-
sarily be true [16], and a microscopic calculation by the
relativistic Boltzmann equation [18] shows that the

*Electronic address: y-minami@ruby.scphys.kyoto-u.ac.jp

'In fact, the QCD matter seems to have an extremely rich
structure in the phase diagram with one or multiple critical
points [1-3], and even accompanied with inhomogeneous phases
at low T [4,5], although the very existence of a CP may be
questioned according to [6,7].

2Such a fast mode as the o near the QCD CP is called a slaved
mode [14], because its slow dynamics is controlled by the
density fluctuation for the QCD CP.
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bulk viscosity is finite at the CP. Thus, it is still not
obvious whether the transport coefficients will diverge at
the QCD CP.

In fact, as is known in condensed matter physics, the
critical divergence of the transport coefficients is a com-
mon phenomenon at a CP, such as at the liquid-gas CP,
and originate from a universal mechanism; nonlinear fluc-
tuations of macroscopic variables cause the divergence
[19,20]. This implies that microscopic processes, as may
be described by such as the Boltzmann equation, would
give only a minor contribution to the critical divergence of
these quantities, if any. The dynamic renormalization
group (RG) theory [21,22] is a standard technique for
critical dynamics, which systematically incorporate the
macroscopic fluctuations causing the divergent behavior
of transport coefficients. In this theory, we must construct a
nonlinear Langevin equation as a basic equation for the
critical dynamics. The construction goes as follows. First,
the slow variables are identified for describing the critical
dynamics. Next, the thermodynamic potential for the slow
variables is constructed to determine the static property of
the system. Finally, the streaming terms, causing the
dynamic-nonlinear coupling, and the kinetic coefficients
are determined for, respectively, describing time-reversible
and irreversible changes of the slow variables. We note that
the streaming term is absent in the simple Brownian
motion.

The general theory of the critical dynamics as described
above tells us that an essential ingredient is to properly
construct the nonlinear Langevin equation for the critical
dynamics. As far as we know, this is the first attempt for the
QCD CP. Our construction of the Langevin equation is
based on the generalized Langevin theory, by Mori [19,23],
and the relativistic hydrodynamics, because the slow
variables are identified as long-wavelength fluctuations
of the conserved densities [11,12,24]; we construct the
streaming terms from continuity equations and the

© 2011 American Physical Society


http://dx.doi.org/10.1103/PhysRevD.83.094019

YUKI MINAMI

potential condition, which is a general condition for
streaming terms [21,22]. Also, we use the thermodynamic
potential for the 3D Ising system as that for the QCD CP
because the static universality class is the same as the 3D
Ising class [11,12,25]. Finally, we determine the kinetic
coefficients from a relativistic hydrodynamic equation;
here the so-called Landau equation [26] is taken. In con-
sequence, we shall show that the Langevin equation differs
from it for the liquid-gas CP due to relativistic effects,
although the dynamic universality class of the QCD CP is
conjectured as of the liquid-gas CP [12,17].

After such construction, we apply the dynamic RG to the
Langevin equation and derive the RG equations for the
transport coefficients. Consequently, to our surprise, these
RG equations turn out to be the same as for the liquid-gas
CP except for a irrelevant constant, although the Langevin
equations are different. Therefore, the bulk viscosity and
the thermal conductivity strongly diverge and can be more
important than the shear viscosity near the QCD CP. We
shall also show that the thermal and viscous diffusion
modes exhibits critical slowing down, whereas the sound
mode critical speeding up.

This paper is organized as follows. In Sec. II, we shortly
review the theory of critical dynamics. In Sec. III, we
construct the nonlinear Langevin equation for the QCD
CP by the generalized Langevin theory and the relativistic
hydrodynamics. In Sec. IV, we analyze the critical expo-
nents of the transport coefficients and dynamic critical
exponents by the dynamic RG. The final section is devoted
to a summary and concluding remarks. In Appendixes A,
B, and C, we give the detailed derivation of the RG
equations for the transport coefficients.

II. REVIEW OF CRITICAL DYNAMICS

Since the present work is based on the theory of critical
dynamics in condensed matter physics [21,22], we now
shortly review it for self-containedness.

A. Critical divergences of transport coefficients

The critical divergence of transport coefficients (or dif-
fusion constants) is a common phenomenon, for instance,
at the critical point of the liquid-gas, ferromagnetic tran-
sitions and so on [21,22]. The important point is that the
critical divergence originates from a universal mechanism;
nonlinear fluctuations of macroscopic variables causes the
divergence [19,20].

Here, we briefly illustrate how macroscopic nonlinear
fluctuations cause the critical divergence, taking the ther-
mal conductivity near the liquid-gas CP as an example
[27]. The thermal conductivity is given by the Kubo for-
mula as follows,

A=T"2 f dr fo " diq(r, H¢(0,0)), (1)
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where ¢(r, 1) and T are the heat current and temperature,
respectively, and (- - -) denotes the statistical average in the
thermal equilibrium state. The heat current ¢(r, ) is sup-
plied from two sources: one is due to a microscopic process
as calculated by a microscopic theory, such as the
Boltzmann equation, and the other is due to nonlinear
fluctuations of macroscopic variables [23]:

4 = Y4micro + Y9 macro» (2)

where ¢nico and Guacro respectively denote the micro-
scopic and macroscopic currents. The macroscopic process
causing the heat current is identified as the entropy density
convected by fluid velocity fluctuation. Thus, we have

Qmacro -~ 8S5v’ (3)

where 85 and dv respectively denote the fluctuations of the
entropy density and the fluid velocity. The macroscopic
current Eq. (3) is of the second order in fluctuations and
hence negligible far from the CP. However, it becomes the
dominant part near the CP, since the fluctuations are
enhanced there. We see that Eq. (1) now has the following
form:

A=At / dr [ * dK8s(r, 1) 8v(r, 1)55(0,0)8v(0,0)),
0
4)

where A, is the thermal conductivity coming from the
microscopic current. Recalling that the entropy density
fluctuation is a soft mode near the liquid-gas CP, we see
that the second term of Eq. (4) diverges at the CP. This is
the mechanism causing the critical divergence of transport
coefficients.

Let us call the transport coefficients, such as Ao,
coming from microscopic processes the bare transport
coefficients, and those including the contributions from
the nonlinear macroscopic fluctuations the renormalized
ones. Then, we need not to study the critical divergence of
transport coefficients by a microscopic theory since the
divergence originates from only the macroscopic pro-
cesses. The dynamic RG [21,22,25,28,29] is the standard
theory incorporating such nonlinear macroscopic fluctua-
tions. In this theory, we must construct a nonlinear
Langevin equation as a basic equation for the critical
dynamics.

B. Generalized Langevin equation

We first note that if the dynamic variables are divided
into slow and fast ones, the slow dynamics can be well
described by a Langevin equation. We stress that such the
Langevin equation can be derived in a generic way, so
called the Mori theory [19,23], from the microscopic equa-
tion of motion. The starting microscopic equations of
motion are Liouville or Hisenberg equation for a classical
or a quantum system, respectively. They read

094019-2
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%Aj(t) = {A;(1), H}pp, (&)
and
%A (0 = (1/in)]A,(, H), ©6)

respectively. Here, A;(¢) are arbitrary slowly varying var-
iables (slow variables), H a microscopic Hamiltonian, and,
{-, *}pg and [, -] represent Poisson brackets and commuta-
tion relations, respectively. Equation (5) (or Eq. (6)) can be
divided into two parts: one is composed of only the slow
variables and describes their slow motion, while the other
involves fast motions due to the microscopic processes.
Thus, we have [19,21]

S(BH(A))

oA, +0;(0, (D

2450 = vy() - Y
with B being the inverse temperature. Here, v;(A(t)),
which is called a streaming term, gives the time-reversible
process, while L ;, and H(A(t)) are bare kinetic coefficients
and a thermodynamic potential for A;, respectively. The
first and second terms in Eq. (7) are the slow motions and
nonlinear in A js whereas the last term is the fast motions
and treated as a stochastic variable obeying the fluctuation-
dissipation relation

(0;(06,(1'); a) = 2L (a)8(r — 7). ®)

Here, (- - - ; a) represents the conditional average in which
Aj is fixed at a;. We stress that this relation is not given by
hand, but naturally obtained from the decomposition pro-
cess [19].

Equation (7) is called the generalized Langevin equa-
tion, which has been widely used in the phase transition
dynamics [21,22]. Even for the QCD CP, we may use the
generalized Langevin equation, because only the time
scale separation is assumed in the Mori theory.
Furthermore, we note that, by the time scale separation,
transport coefficients arises.

C. Dynamic RG

The general dynamic RG transformation usually con-
sists of two procedures, i.e., coarse-graining and rescaling
as in the static RG transformation [22,30]. However, as is
shown in [21,25,29], we can omit the rescaling, if we are
interested in only the critical exponents of transport coef-
ficients, although the relevant-fixed point seems to be
absent in such a simplified RG transformation [29].

The Langevin equation is an infrared effective theory
and inherently has an ultraviolet cutoff A, which should
satisfy the following inequality

ElxAg<xal. 9)

Here, ¢ and a are the correlation length and the character-
istic microscopic length, respectively. Then, the Langevin

PHYSICAL REVIEW D 83, 094019 (2011)

equation is coarse-grained by averaging over the large
wave number components of the slow variables A j(t) in
the infinitesimal wave number shell,

A—SA<k<A, (10)

for Eq. (7). Here, A starts from the initial value A and is
lowered up to A < £7!. In this way, we infinitesimally
make coarse-graining of the Langevin equation. Because
the coarse-graining procedure is infinitesimal, we do not
need the rescaling. Inspecting the form of the coarse-
grained Langevin equation, we can obtain the RG equation
for the transport coefficients.

D. Contrast with the static RG

Here, we first stress that the concept of the dynamic
universality class is not so universal contrary to its name.
Then, the class of the QCD CP may not be the same as of
the liquid-gas CP or the model H,” although it is conjec-
tured by [12,17]. To see this, let us contrast the difference
between the static RG with the dynamic one.

An important point is that the respective infrared effec-
tive theories are different; in the static case, the infrared
effective theory is the thermodynamic potential (or so-
called Landau free energy), the nature of which turns out
to be governed by only the space dimension and the
symmetry among the order parameters but not by the de-
tails of the dynamics, and hence the concept of the univer-
sality class makes sense for the static case. In contrast, for
the dynamic RG, the infrared effective theory is the non-
linear Langevin equation.

Here, the important difference arises. The relevant var-
iables for the Langevin equationare not only the order
parameters but also conserved densities, and its nonlinear
couplings cannot be determined by only the symmetry in
general. Consequently, the dynamic universality class is
not so universal compared to the static one. Specifically,
the nonlinear couplings, namely the streaming terms v;(A),
are generally given by the Poisson brackets (commutation
relations) among the slow variables in the classical (quan-
tum) system [22]:

OH )
v)(A) = %[Q,-k(A)S—Ak— B ‘a—Aijk(A)], (11)

where
ij(A) = <{Aj, Aglpg;A) or <[Ajr All/(in); A). (12)

The important point is that the Poisson-bracket relations
depend on the microscopic expressions of the variables.
This fact leads to an important consequence that the dy-
namic universality class of the QCD CP may not be the

3The model H [20,31] is the minimal-dynamic model for a CP
that its relevant modes are given as the nonrelativistic-
hydrodynamic modes. The liquid-gas CP belongs to the dynamic
universality class of the model H.
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same as of the liquid-gas CP or the model H. Actually, in
the model H, the Poisson-bracket relations are calculated
with the nonrelativistic relations [20,22].

ITI. THE NONLINEAR LANGEVIN EQUATION
FOR THE QCD CP

A. Slow variables

We first identify the slow variables near the QCD CP,
which consist of soft modes and conserved densities. For
the QCD CP, the soft modes are nothing but the long-
wavelength fluctuations of the conserved densities, i.e., the
baryon-number density n and the energy and momentum
T,, [11,12]. Thus, we see that the slow variables near the
QCD CP are given by only the fluctuations of the con-
served quantities:

A; ={8n, 8e = (8T™), 8J' = (8T*)}.  (13)

Because the slow dynamics of the conserved quantities is
basically given by hydrodynamics, we find that the system
near the QCD CP is described as a relativistic critical fluid.
In other words, the relevant modes are given as the rela-
tivistic hydrodynamic modes. This is the basic observation
for our construction of the nonlinear Langevin equation for
the QCD CP. More specifically, the hydrodynamic modes
are the thermal and viscous diffusion modes, and the sound
propagating mode. The thermal mode is the entropy fluc-
tuation inducing the density and energy fluctuations,
whereas the viscous and the sound modes are the transverse
and longitudinal components of the momentum fluctua-
tions, respectively.

Now, we note that not all fluctuations are enhanced near
the CP. Therefore, we can neglect nonlinearity of fluctua-
tions that is not enhanced, if such fluctuations are identi-
fied. Then, let us identify the nonenhanced fluctuations by
the hydrodynamics. The usual hydrodynamics with static
scaling laws is useful to see the such tendency of the slow
variables. Since the result turns out to be independent of
the choice of the frame, which defines the local rest frame
[24], let us take the energy frame, namely, the Landau
equation [26], which is given by the following conserva-
tion laws:

9, N* =0, (14)

9, TH" =0, (15)

where N” and T#” are the particle current and the energy-
momentum tensor, respectively. Those are given as

NH* = nu* + v#, (16)

TH = hutu” — Pgh + T, (17)

where h = e + P is the enthalpy density, with ¢ and P
being the energy density and the pressure. Also, u* =
(v, yv) are the fluid four velocity, with y being the

PHYSICAL REVIEW D 83, 094019 (2011)

Lorentz factor, and the dissipative terms, »* and 7", are
given by
nT\2 7
v= )ol—) 0% (=), 18
= a) o4(7) a9

2
THY = no[aﬁu” + 9% ut — §A‘”’(6J_ . u)]
+ QAR - u), (19)

where Ay, 1 and ¢ are the bare thermal conductivity, the
bare share and bulk viscosities, respectively. A*” = gh? —
u*u” is the projection onto the spacelike vector and 6’1 =
A#*¥9, is the spacelike derivative.

In the hydrodynamic regime, k¢ < 1, the hydrody-
namic mode is analyzed by the linearized equation, which
is given by

aén n.T.\2 “
" =-nV- + Sl I V2N 2
r n V- v /\0( hc ) 5<T), (20)
9%¢ _ V- s, @1
at
a6 _

_V(sP) + (go + %nO)V(V . 5v) + 1, V26w,
(22)

where the symbols with a prefix 6 denote the fluctuations
from their equilibrium values, which are denoted by a
suffix c.* Hereafter, variables with the suffix and the
prefix, respectively, denote the equilibrium values and
fluctuations. As relativistic effects, we see that dissipative
effects appear in Eq. (20) while vanish in Eq. (21), because
we have chosen the energy frame. We note that the rela-
tivistic effect for the particle frame appears in a different
form [24].

By Egs. (20)—(23) and static scaling laws, the tendency
of the hydrodynamic modes is analyzed in the critical
regime, k& > 1. We have studied the such behavior in
the previous paper [24] and shown that the thermal mode
is enhanced, whereas the sound mode is suppressed and the
viscous mode is not enhanced nor suppressed. Recalling
the relation between the hydrodynamic modes and the slow
variables, we have the result that én and de are enhanced,
while 6J is not near the QCD CP.

We note that nonlinear couplings among these modes,
which is not included in usual hydrodynamics, become
significant in the critical regime. We will take them into
account in the nonlinear Langevin equation, except for the
fluctuation of the momenta 6J, the nonlinear term of
which will be neglected even in the critical regime.

“Here, we have slightly rewritten the form of the linearized
Egs. (20)—(23), from those in [24] by the thermodynamic rela-
tions 6e = T8(ns) + udn and 6P = nsST + ndu, where s is
the entropy per particle.

094019-4
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B. Thermodynamic potential for the slow variables

Next, we construct the thermodynamic potential
H(dn, Se, 8J) for the slow variables.

Since the momentum density fluctuation is not enhanced
near the QCD CP, we can neglect its coupling with én and
de, and may adopt a Gaussian form for the momentum
density part of the potential. Thus, we have H(6n, Se, J) =
H,,(6n, §e) + H,;(6J), with

1
2h,

H;(8J]) =—6J% (23)
In contrast to 6J, 6n and Je are significantly enhanced
near the QCD CP; the thermodynamic potential
H,,(8n, 8e) should contain higher order terms of them.
In fact, H,,(6n, 8e) is the quantity that determines the
static property of the system and the QCD CP belongs to
the same static universality class as the 3D Ising class,
namely, Z,. Therefore, we may construct H,,(dn, §e) with
the thermodynamic potential for the 3D Ising system [32],
which reads

1 1 1
BHising(, m) = _[dr[i ro® + 51<0|V¢|2 + oy

1
+ y0¢p2m + 2—C0m2 —hy — Tm].

(24)

Here, ¢y and m are the spin density and the exchange
energy density, respectively. ry, Ky, ug, vo and Cy denote
the static parameters, while 4 and 7 the applied magnetic
field and the reduced temperature, respectively. Then, we
assume that the thermodynamic potential takes the follow-
ing form:

1

2
o, oJ-, (25)

H(dn, 8e, 8J) = Higing(h, m) +

provided that the mapping between (¢, m) and (6n, Se) is
given.

The general mapping relation between a grand canonical
ensemble in Z, and the 3D Ising system is known in
condensed matter physics [21], which are summarized as
follows. First, we assume the following linear relation
between the deviations of the respective intensive variables
from those at the critical points, which should be valid near
the CP:’

Sh = a,6(u/T) + a,6T/T,, (26)

where a4, a,, B and 3, are constants and assumed to be
regular at the CP. We note that «{, a,, B; and 3, need not
to be determined for the critical divergence of transport

Recall that the static scaling laws are expressed by the
deviations of the intensive variables from those at the CP.

PHYSICAL REVIEW D 83, 094019 (2011)

coefficients, since they have no singularities at the CP.
Although one could use Eqs. (26) and (27) for the mapping,
it turns out to be inconvenient for the analysis by a
Langevin equation. To translate these equations to more
convenient ones, we assume the following relation [21]:

Y 8h + mét =T.28T8e + 5(u/T)dn, (28)

which is actually derived by considering a change of the
microscopic distributions due to small deviations of the
external parameters in both systems. From the relations
Egs. (26)—(28), we arrive at the convenient mapping rela-
tion as follows:

on=a iy + Bm, 29)

T 'Se = ar,ifp + Bym. (30)

With this mapping, Eq. (25) now gives the thermodynamic
potential for the QCD CP. We remark that we only map the
static quantities although the dynamic ones are studied. For
later uses, we introduce fluctuations of the intensive vari-
ables as

5T = T2 5(§f), 31)
w\ _ 6(BH)
5(?) =202 (32)

This relation comes from the fact that, in the grand canoni-
cal distribution P, = exp[(1/T)e + (u/T)n], e and n are,
respectively, conjugate to 1/7 and w/T [21]. We also
introduce the fluid velocity fluctuation as in the nonrela-
tivistic case:

_oH
==

We note that the static parameters in Eq. (24) have the
ultraviolet cutoff dependence in the region £ ! < A. Letus
write the static parameters as r(A), K(A), u(A), y(A), and
C(A) to make their A dependence explicit. These variables
have the following asymptotic behaviors [21,25,32]:

Sv (33)

r(A) ~ AZ, (34)
K(A) ~ A", (35)
u(A) ~ A2, (36)
Y(A) ~ Alererme, (37)
C(A) ~ A=/, (38)

where € = 4 — d with d being the space dimension, while
a, v, and 7 are the usual static critical exponents. Noting
that 7 is of order €> and very small, we neglect n and set
Ky = 1, hereafter.

094019-5



YUKI MINAMI

C. Streaming terms and bare Kinetic coefficients

In this subsection, we determine the forms of the stream-
ing terms, v,,, v, and v;. We can nicely determine the first
two terms from the continuity equations because on and
de are the conserved densities. From the continuity equa-
tions, we can write v,, and v, as divergences of reversible
currents, which read

Jjn=nyov, (39)

. = (e + P)y*Sv, (40)

with j, and j, being the reversible currents of the number
and energy density, respectively. Here, y is the Lorentz
factor of the fluid-velocity fluctuation, n = n,. + én and
e = e, + 8e. As the reference frame, we have chosen the
rest frame of the equilibrium state, and then the back-
ground fluid velocity vanishes. Furthermore, We may set
v ~ 1, because the fluid velocity fluctuation is given by
dv = h_ '8 ] that is not enhanced. Therefore, we write the
streaming terms, v,, and v,, as

v, = —V - (ndv), 41)

v,=—V-((e + P,)ov), (42)

where we neglect the pressure fluctuation because it is not
enhanced near the CP [24].

Now, we note that the determination of v; is not simple.
Although the continuity equation tells us that v; is the
divergence of the reversible-stress tensor, the determina-
tion of the reversible-stress tensor is not trivial. However,
we can determine it from the potential condition, which is a
general condition for the streaming terms [21]. The poten-
tial (or divergence) condition [21,22] reads

[ar S B0 [4 5 2,

j=n,eJ j=neJ J

(43)

We remark that this condition can be derived from the
definition of streaming terms [19]:

v, (A1) = (A A1), (44)

where A ; = i1LA;(0) is the microscopic time derivative of
A; and i L is the Liouville operator. In a continuum system,
the right-hand side of Eq. (43) vanishes in general [21].
Thus, the potential condition is reduced to

r Y v (A)a(ﬂ 0 _y, (45)

j=n,eJ

where v, is only the unknown quantity because we have
already determined v,, v, and H(dn, e, 8J). Using
Eqgs. (33), (41), (42), and (45), we obtain

fdrl:nV—vL(e—FP)V +v1:|-,85v=0. (46)

PHYSICAL REVIEW D 83, 094019 (2011)

Since this condition should be satisfied for an arbitrary
fluid-velocity fluctuation, we have
H OoH
v;=-nV——(e+ P )V—. 47)
on oe
Next, let us determine the kinetic coefficients from the
relativistic hydrodynamic equation, Egs. (14)—(19). From

Egs. (18), (19), (32), and (33), we can read the kinetic
coefficients L for small dv as

2
Lo = —Ao(";lTC) v (48)

LY, = =T.[m¢8;0;0; + (& + (1 = 2/d)mo)a;d;], (49)

and that the other coefficients are zero. We note that L,, is
absent due to the choice of the energy frame.

Now, we have determined all the necessary terms, and
then can write down the nonlinear Langevin equation for
the QCD CP as

9N _ Y. (nsw) — L,mM +6,  (50)
ot 6”
"a_‘ste — V- ((e + P,)dv), (51)
98] 5H S(BH)
ves P V — L ———
5 —(e+P,) ST +0,
(52)

where 6, and @; are the noise terms and satisfy the
fluctuation-dissipation relations

0,000, (F 1)) = —2/\0( ) V26(r— ') X 81— 1),

h.
(53)
(05 (r, 00, (r', 1))
= —2T [198"V?* +{{y + (1 — 2/d)no}o'97]
X 8(r —r)é(t — ). (54)

Let us write the transport coefficients as A(A), n(A)
and (A) to make their cutoff dependence in the region,
&1 < A. The critical behaviors of the transport coeffi-
cients are determined from their asymptotic behaviors
near the relevant-fixed point as A is lowered.

Here, we compare the Langevin equation Egs. (50)—(52)
with that for the liquid-gas CP [25]

a0

IOM — _V - (név), (55)
at

SH':
9% _ g ((e + P)6v) + A T.V?
ot de

+ 0, (56)
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957, SH' SH'
— v et PV
ot " sn (e ) Se
S(BH™)
—L;;-———+6,, 57
77 57, 7 (57)

where 6J, = p.év, p and H't are the nonrelativistic
momentum density, the mass density and the thermody-
namic potential for liquid-gas CP, respectively:

1

H'S(8n, Se, 8J) = Hygino (4, m) + 5 8J%. (58)

c

We see that the streaming terms have the same forms but
the dissipative ones are totally different between the rela-
tivistic and nonrelativistic cases. The difference also ap-
pears in the relation between the momentum and the fluid
velocity fluctuation. Therefore, one may naturally expect
some novel characteristics in the relativistic case that are
absent in the nonrelativistic case [25].

IV. THE TRANSPORT COEFFICIENTS
BY DYNAMIC RG

We here present an analysis of transport coefficients by
the dynamic RG. A detailed derivation of the RG equations
is given in the Appendixes.

First, we rewrite Eqs. (50)—(52) as the equation for ¢
and m to conform the hydrodynamic variables, én and Se,
to the Ising variables, ¢y and m. Noting that we can set
a, = 0 in the mapping relations, Egs. (29) and (30), with-
out loss of generality [25], we have

% = —C¢V . 5.] - a1_2er5(5L{;])
—h'V - (¢8)) + aile,, (39)
aa_'? = —B5'V-6J —h 'V -(mdlJ), (60)
0B _ gl oy g gOH
o C,V&p B h"vﬁm wv&//

o0H
—mv——(Tchc)_lL“'(SJ-‘roj, (61)
om

with Cy = aj'(nh;' — B1By") and C; = aj'(n. —
B1h,). Here, we note that we could rewrite the potential,
Eq. (24), for ¢ and m as that for 6n and de to conform the
variables; the choice is a matter of preference.

In the dynamic RG transformation, we average over
the short-wavelength components in the shell, A — 6A <
k < A, for the Langevin equation. For this task, we must
perturbatively solve the equation about them, by rewriting
it as a self-consistent equation [22]. Although an explicit
derivation of the self-consistent equation for the QCD CP
is first made in this paper, we leave the details of the
derivation to Appendix A, because the general procedure
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of the derivation is standard and given in the textbook [22].
Here, we present only a few basic equations of the dynamic
RG for the QCD CP. Now, as is shown in Appendix A,
Egs. (59)-(61) can be reduced to the following form:

ik, ») POk, w)
mk,w) |= 0 + GOk, w)V(k, w), (62)
87k, w) 87}k, w)

and
8J 1k, w) =8Ik, w) + GV, (k w),  (63)

where Jj(k) = k - J(k) and J | (k) = J(k) — J;(k) are the
longitudinal and transverse components of the momentum.
Here, G° and G are the bare propagators, which are given
by Egs. (A50)—~(AS53), whereas V and V | ,, the nonlinear
couplings, coming from the streaming terms and given by
Egs. (A29)~(A34) and (A59). Also, °, 8J) and 6J] are
the bare variables, which are the solutions without the
nonlinear terms. Iterating the self-consistent Egs. (62) and
(63), we can obtain a perturbative expansion of the non-
linear couplings and have a coarse-grained Langevin
equation.

Now, we note that the variables, i, J 1, and J | corre-
spond, respectively, to the thermal, viscous, and sound
modes® (see the propagators (A51)—(A53). Therefore, the
first and third rows of Eq. (62) respectively denote the
equations of motion for the thermal and sound modes,
while Eq. (63) for the viscous mode. We stress that the
sound mode is neglected in the model H, although it is
essential for the renormalization of the bulk viscosity.

Here, we make the coarse-graining to the second order
in the nonlinear couplings, V and V | ,, (see Fig. 3 for an
example.). Inspecting the coarse-grained equation for
(see Eq. (BS) for the detail) and, we have the RG equation
for the thermal conductivity:

IAMA) 3

=3/, (64)
f(A) =T Ky/(Dyn(A)A(A)A€), Ky is the surface area of
a unit sphere in four dimensions divided by (27)*, D, =
(n.T./a,h,.)*. Here, we have introduced f(A) for conve-
nience sake. Similarly, from the coarse-grained equations
for J 1 and J |» we obtain the RG equations for the shear and
bulk viscosities

oA 1
A oA 24

FA)n(A), (65)

2L _

“A A

AV MAAA (66

®Although /i would be a linear combination of the thermal and
sound modes, we need not to consider /7 for a following analysis.
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where y(A) is a static parameter in the thermodynamic
potential (see Egs. (24) and (37)), and A = hZK4/(B3D ).
Furthermore, differentiating f(A) about A, we also have
the RG equation for it:

af(A) 19
ATE = (e grw) 6

Now, we note that Egs. (64), (65), and (67) are identical
to those for the liquid-gas CP except for unimportant
constants in f(A) [21,25]. Equation (66) is also equivalent
to the RG equation of the bulk viscosity for the liquid-gas
CP in the limit w — 0 [21,25]. Therefore, arguments about
the RG equations and results from those are the same as for
the liquid-gas CP. Then, we provide only essential argu-
ments and results in the following part, and leave the detail
to [21,25,28,29].

Now, we identify the relevant fixed point as the follow-
ing [21,25]. Because, at a fixed point, parameters are
invariant about the RG transformation, we set the left-
hand side of Eq. (67) as 0. Then, as a fixed-point value of
f(A) which is denoted by f*, we have f* =0 and f* =
(24/19)e. Therefore, we have the two fixed points and the
relevant one is specified by f* = (24/19)e. Although
the relevant point seems to be absent in Egs. (64)—(66),
the reason is due to the simplified RG transformation as
mentioned in the earlier section, and this is just an apparent
problem [28,29].

Substituting f* = (24/19)e into Egs. (64)—(66), we
have the asymptotic behaviors near the relevant-fixed
point:

A(A) ~ A~18/19¢ (68)
n(A) ~ A~ 1/19e (69)
{(A) ~ A—(@4=(18/19)e=(a/v)) (70)

Here, in the derivation of Eq. (70), we have used the
asymptotic behavior of y(A), Eq. (37). Decreasing the
cutoff to the region A < £7!', we can replace A with
&1 in the asymptotic behaviors [21,28]:

Ag ~ §(18/19)e’ 71)
ng ~ EV19¢, (72)
gR — 54—(18/19)5—(a/v)‘ (73)
In three dimensions, we find
Ap ~ €9, (74)
Nr ~ 50.053’ (75)
(g ~ €8 (76)
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We can also read the dynamic critical exponents from
Egs. (71)—=(73). A dynamic critical exponent, denoted by z,
generically parametrizes the decay rate I'(k) at the wave
number k= &1 as T(é7')~ &% As shown in
Appendix A, the decay rates for the three modes at k are
given by

1—‘thermzz\l(k) = /\sz(rR + k2)D¢r (77)
l_‘Viscous(k) = anzh;l’ (78)

I1s0und(k) = (gR + 2(1 - 1/d)nR)k2h;1 (79)

Thus, we find the dynamic critical exponents as

18
Zthermal — 4 - E €, (80)
1
ons = 2 — — 1
Zyiscous 19 €, (81)
18 o
Zsound _(2 - E € — ;) (82)

In three dimensions, the dynamic critical exponents are
given by

Zthermal ~~ 37 (83)
Zyiscous 2r (84)
Zsound ~ —0.8. (85)

We see that the thermal and viscous modes exhibit critical
slowing down, while the sound mode critical speeding up.

Why do the relativistic effects not appear in the RG
equations? The reason is that the nonlinear terms in the
dissipative terms generally renormalize only static parame-
ters, up to order €% [22,28]. Furthermore, the difference in
the relation between the momentum and the fluid velocity
is only unimportant constants, i.e., the enthalpy density A
and the mass density p. Then, the RG equations are essen-
tially the same as for the nonrelativistic case.

V. SUMMARY AND CONCLUDING REMARKS

We have studied the critical behaviors of the transport
coefficients and the dynamic critical exponents at the QCD
critical point (CP) by dynamic renormalization group
(RG). For this purpose, we have constructed the nonlinear
Langevin equation near the QCD CP for the first time.
Our construction is based on the generalized Langevin
theory, by Mori [19,23], and the relativistic hydrodynam-
ics; instead of a naive construction method [22], we have
determined the streaming terms by the relativistic hydro-
dynamics and the potential condition that gives a con-
straint to these terms. The resulting equation is given by
Egs. (50)—(52). Although there are some attempts to make
a one-to-one mapping between QCD CP and Ising CP
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[17,33], we have shown that it is not necessary to specify
such the mapping for the critical exponents, as for the
liquid-gas CP [21].

We have shown that the bulk viscosity and the thermal
conductivity strongly diverge at the QCD CP. Also, we
have found that the thermal and viscous diffusion modes
exhibit critical slowing down with the dynamic critical
exponents Zynermar ~ 3 and Zyiseous ~ 2, respectively. In con-
trast, the sound propagating mode critical speeding up with
the negative exponent Zgy,,q ~ —0.8.

We now compare our result about the bulk viscosity to
that in [15]. Although a divergent behavior of the bulk
viscosity is the same, the critical exponent is different in
the two cases. In [15], the critical exponent is estimated to
be about 0.2 and the divergence is weak contrary to our
result. We also note that the study by the relativistic
Boltzmann equation [ 18] gives only the bare bulk viscosity.

We note that the bulk viscosity and the thermal conduc-
tivity are usually neglected in heavy ion physics, however
they become much more important than the shear viscosity
near the QCD CP. Furthermore, the description for the
created matter as a perfect fluid is not valid near the QCD
CP at all due to the strong divergence of the bulk viscosity.

As the argument about the dynamic universality class
[12,17], we have shown, from an explicit calculation, that
the QCD CP has the same critical behaviors as the liquid-
gas CP has. The argument assumes the insignificance of the
relativity for the critical dynamics by the slowness of
the diffusion processes. However, we have shown that the
genuine reason for the insignificance originates from the
small fluctuation of the momentum density; the critical
dynamics is essentially governed by the streaming terms,
which are modified by the relativistic effect through only a
Lorentz factor of the fluid-velocity fluctuation. However,
the fluid-velocity fluctuation, which is proportional to the
momentum, is not enhanced near the CP. Thus, the relativ-
istic effects do not affect the critical dynamics near the QCD
CP. We stress that the sound mode exhibit critical speeding
up, and then the sound diffusion is fast near the QCD CP.
Therefore, the basis of the conjecture would be true for the
thermal and viscous modes, but not for the sound mode. We
also note that the model H [20], which is the minimal-
dynamic model for the dynamics near the liquid-gas CP,
can not describe the critical behavior of the bulk viscosity
because it does not contain the sound mode.

We note that our Langevin equation must satisfy usual
fluctuation-dissipation relations, Eqs. (53) and (54), for the
consistency with the linearized Landau equation,’ although
a relativistic Brownian motion seems not to satisfy the
usual relations [34]. Moreover, our Langevin equation
seems to violate the causality, since the dissipative terms

If our nonlinear Langevin equation is linearized, the linear-
ized equation must give the same result as the Landau equation
gives.

PHYSICAL REVIEW D 83, 094019 (2011)

are determined from the Landau equation. However,
the Israel-Stewart equation [35], in which the causality
problem is formally resolved, gives the same result as the
Landau equation gives in the long-wavelength region [24].
Therefore, our determination from the Landau equation
must suffice. Furthermore, we note that short-wavelength
components in the region, k > a~! where a is a character-
istic microscopic length, would violate the causality.
Therefore, we can exclude such the illegal components
from the theory by the cutoff, A; << a~'. We stress that
all infrared effective theories inevitably have the ultraviolet
cutoff; naturally, relativistic hydrodynamics also has it.

Also, we note a frame dependence of the results. As a
hydrodynamic equation, we used only the equation in the
energy frame. Do the results change if an equation in the
particle frame is used? Although the frame dependence can
appear in only dissipative terms, the critical dynamics is
essentially determined by the streaming terms. Therefore,
the results would not change for the particle frame, if an
equation in the frame is correct. However, in practice, the
Eckart equation has a pathological behavior [36]. Namely,
fluctuations do not relax, and therefore we cannot use the
Eckart equation.

Recently, some authors have suggested the existence of
other critical points in higher density region of the QCD
phase diagram where the color superconductivity is taken
into account [2,3]. It would be interesting to study the
critical dynamics near such a new QCD CP using the
dynamic RG theory, as an extension of the present work.
For this purpose, however, we must firstly specify the soft
modes and construct the nonlinear Langevin equation. If
the soft modes are different from the conserved densities,
which is the case when the diquark fluctuations are relevant
[2,37], the construction based on the relativistic hydro-
dynamics done in the present work does not work, and
we must directly recourse to Eq. (11) to identify the
streaming terms.
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APPENDIX A: REWRITING THE NONLINEAR
LANGEVIN EQUATION AS A SELF-CONSISTENT
EQUATION

Here, we rewrite the Langevin equation, Egs. (59)-(61)
as a self-consistent equation. First, we make a Fourier
transformation as the following:
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Ik, w) = f didre =T (1, 1),

Then, we have

—iofk o) = —Cyik-8J — a;’L,,——

— iwni(k, ) = — By ik - 8F — holik - f ()8 Tk = q)
q

SH

SH
—iwdJ(k,w)=—Cjik——B5;'h 1k6

oy

S(BH) _
oy

PHYSICAL REVIEW D 83, 094019 (2011)

(A

holik fﬂ(&(q)sj(k — Q)+ oG, (A2)
q

(A3)

@itk S qyiath =) |~ T 07 48,

(A4)

Note that the quantities with a tilde in Eq. (A2)—(A4) are Fourier transformed, like Eq. (A1), and we have abbreviated the

nonlinear terms such as

- ~ _[dQ diq
[qﬂ Y(@)dJ(k — q) = fﬁ om)

P(g 0)SJk — g 0 — Q). (AS)

We now decompose Eq. (A4) into the longitudinal and the transverse components:

6H 6H
—iC jk— —
om

—iw5]||= 61//

— iy hok

—iwsJ, = —ifqﬂ ?l(k)-q[‘si

where we have introduced a projection operator as

(PLK));j = 8i; — kik;/ I, (A8)
and
8T (k) =k - 8J(k), (A9)
8J (k) = Py (k) - 8] (k), (A10)
k) =k - 0(k), (A11)
0,(k)="P, (k) 0(k). (A12)

Because the streaming terms in Eqs. (A6) and (A7) are too
complicated for our purpose, let us retain only the terms

N SH B SH o o
_ij;ﬂ(k'q)[ﬁ(@l//(k—Q)‘i‘%(q)rh(k—q)]—(TL_HC)1k,LJJ(k).8J+0”’

(A6)

@k —q) + —(q)m(k - q>] — (Toh) VP - Ly (k) - 5T + 01, (AT)

that yield dominant contributions for the transport coeffi-
cients. We note that only such terms suffice for obtaining
the critical exponents. From the relations [21]

f PP PO) ~ £, (A13)

f d*r(m(rym(0)) ~ &2, (Al14)
we expect ¢ yields stronger singularity than m. Therefore,
we only retain the term that are of the second order in .
Namely, we reduce the streaming terms as

iC)k 5¢+152‘hk +z[ (i - q>[—<q>¢(k q)+—<q)m<k 9]

I:lCJkXO W) + By hokCy!

SH 5 o
ijq“ P (k) - q[ww)wk )+ itk — )| = T PL) jqn ax: @@k - q),

i+ iB3 hekyo ] )itk - q)], (AL5)

(A16)
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where x; (k) = ry + k*. Notice that we have set K, = 1,  In contrast, the dissipative terms of 8J are originally linear
as mentioned in the text. and then directly read
Next, we consider the dissipative terms. The important
pomt is that the.nonhnear terqls in dissipative tgrms renor- kL) 8]k ) =T.[Z + 21 — 1/d)n,]
malize only static parameters in a thermodynamic potential _
to second order in €, generally [22,28]. Therefore, we can X k287 1k, w), (A18)

take into account nonlinear terms in the dissipative terms
with the results of static RG, Eq. (34)—(38), and effectively
neglect it in the Langevin equation. Then, we reduce the

L,,8(BH)/8¢ as P (k) Lyk)- 8]k w)=T.nok*8J,(k, w). (A19)
Enn(k)S—H(k, W) ~ Agk? X(}l(@)ZtZ/(k, o). (A17) Collecting the above results, we arrive at the reduced
oy h. nonlinear Langevin equation as given by
|
—iwf = —ikC, 8Ty — h; ik - fﬂ P(q)8J(k — q) — Xk*Dy xo ') + a;'6, (A20)
q
—iwm = —B5'ikdJy — h; ik - [ m(q)8J(k — q), (A21)
qQ

—iwd]) = Tcl:—ik/yo"(k)C,z]/ — ikCy ' Bahorit — ik By ' hey Ln J(q) Pk — q)] — KPvbh 18Ty + 6),  (A22)

— i8], = —iT.P (k) f L0 @V~ q) — Knoh 16T + 0., (A23)
q
[
where We can compactly rewrite the basic equation in a matrix
n T\2 form:
D,=|—), A24
v (alhc) ( ) ~

ik, w)
vh =4 + 21 — 1/d)mg]. (A25) Mk, 0)| mk o) | =Vk o)+ 0k o), (A26)

oJ(k, w)

This is the basic equation for the dynamics near the QCD
CP, which is first written down, and is a main result of this

paper. where
|
M (k, w) = 0 —iw ikB;! , (A27)
ikxy ' (k)C,T, ikCy'Bah T, —iw + k*vih!
al_lé(k, )
0k, w) = 0 , (A28)
0k, )

V(k, w) = meJ_(kr a)) + mell(k’ (1)) ’ (A29)
Viigy (k, ©)
and
Voo 0) = —h ik - [ | H@)8 T4k~ ) (A30)
q
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Vo ok, w) = —h;li[ﬂk (= @)/l = gl X F(@)8Tyk - g)

PHYSICAL REVIEW D 83, 094019 (2011)

(A31)

Vot (ky @) = —h7Vik f ()8 L (k — ). (A32)
qQ

Vo (ks @) = —hZ ik f i) 8T (k — q). (A33)
qQ

(A34)

Vipolk, ©) = —ikT .85 ' h. vy j:/n P(q) Pk — q).

Since Eq. (A23) is decoupled from the other equations at linear level, we do not rewrite it as the matrix form.
Next, we calculate the bare propagator G'(k, w) = M~ !(k, w). The inverse matrix is given as the transposed cofactor

matrix divided by det’M. The determinant reads

detM = (—iw)* + (—iw)?kK*(AD y x5 ' (k) + vhh ') — iwk*(Cy ' T, + xi'(k)C,C,T,)

+ k* Aoxo "Dy Cy ' h T, — iwk* Agxy ' Dy (k) vhh 1.

Here, in the coefficient of —iwk?, taking into account the
behaviors after renormalization [25,32], which are given as

CEI — 570.2, (A36)

Xi (k) ~ 72+ 12, (A37)

we neglect x,'(k)C,,C;T, by comparing with C;'h,T..
Then, we can factorize the determinant as
detM ~ (—iw + Ao(k) x;y (k)

1
X (—iw + ike, + Ez/{)hglkz)

1
X (—iw — ikcy + 3 V(l)h;lkz), (A38)
in the long-wavelength region. Here, we have defined
Ao(k) = A0k2D¢,, (A39)
ct=Cy'hT.. (A40)

The diagonal components of the cofactor matrix m read
1
myy ~ (—iw + ikc; + El/f)hzlk2>
1
X (—iw — ikcg + 3 Vf)hglkz), (A41)
My = (_l(l))2 - la)szoXo(k)Dl// I/éh;]

+ kzXal(k)C¢C]TC + k4)t0X0(k)D1// Véh;l,
(A42)

ms3 = (—iw)(—iw + Ayk)x, ' (k)),

and the off-diagonal components are given by

(A43)

(A35)
[
my, = kK x, '(k)B5'C,T,, (A44)
miz = —kwx, ' (k)C,T., (A45)
my = —k*Cy'h.Cy BaT,, (A46)
my; = —ikCy'h BT (—iw + K*Agxo(k)D ), (A47)
my = k*Cy'h.Cy B,T.. (A48)
myy = —ikBy (—iw + Ag(k) xp ' (K)). (A49)

Here, we neglect the off-diagonal components because
they would not yield dominant contributions to the trans-
port coefficients. Then, we obtain the bare propagator as

G?p(k, ) 0 0
Gk, w) = 0 G (k, w) 0 (A50)
0 0 Gﬁ(k, )
with
&k, ) = ! . @s)
4 —iw + Ak) x, ' (k)
1 1
oo~
”( ©) 2l—iw + ikcg + %V(Z)hglk2
1
+ . AS52
—iw — ikcg +%v6hc_lk2:| (A52)

GY . (k, ) is not needed in later calculations. The bare
propagator of 6J | is trivially given by

1

Gk, w) = ——5—.
1 ) —iw + nok*h; !

(A53)
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We finally arrive at the equations of motion as the self-
consistent form:

Uk, w) POk, w)
mk,w) |= 0 + GOk, w)V(k, w), (A54)
8J(k, w) 8Tk, )
and
8T (k, ) =8Ik, w) + GV 1,k ), (A55)
where
4Ok, @) = G, (k, 0)a;'0,(k, w), (A56)
8Tk, w) = Gil(k, 0)0)(k, w), (A57)
8T (k, w) = GY (k, )0 (k, w), (A58)
V0 yulk 0) = —iT,P (k) [Q ax ' (@)
X (g (k = q). (A59)

Here, J°(k, »), Bjﬂ(k, ) and 8]8)_ are the bare variables
that are the solutions without the nonlinear terms. Iterating
Eqgs. (A54) and (AS55), we can obtain perturbative expan-
sions about nonlinear interactions V and V ;.. We note
that the first and third rows of Eq. (A54) are the equations
of motion for the thermal and sound modes, respectively,
while Eq. (A55) is for the viscous mode. We also stress that
Egs. (A51)-(A53) are the propagators of the thermal,
sound and viscous modes, respectively.

Now, we calculate the two-body correlation of ¢°(k, w)
and 8J (k, w), which are needed in later calculations.

<l~ﬁ0(k1, wl){ﬂo(kz, w5))
= G(,)/,(kb wl)G?/,(er wy)a;? X {0k, w,)0(ky, w,)).
(A60)

Using the fluctuation-dissipation relation Eq. (53), we find

<9~(k1: w1)é(k2: wz)) = 2a%/\0(k)(27r)d+18(k1 + kz),
(A61)

and

) e— wo:

6T, : m = - 5j(i:———

FIG. 1.
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<17/0(k1y w1)1710(k2y w3))

20 (ky)
= X @)t sk, + k),
w? + Ak xp 2 (k) @m otk + k)

(A62)

where 8(k; + ky) = 6(k; + k,)6(w; + w,). By a similar
calculation, we obtain

<6jll(k1, wl)sjl(k2, w2)>
__ 2Memolky) o
w% T n%(kl)h;2 (?L(kl))ij X 2@ 16(ky + ky),
(A63)

where 7 (k) = nok>. For a later convenience, we define

0 — 2/\0(k)
C,(k, ) o+ R E) (A64)
O (k, ) = —2LeTolk) (A65)

W+ n%(k)h;z'

APPENDIX B: RENORMALIZATION OF THE
THERMAL AND VISCOUS DIFFUSION MODES

Here, we first derive the RG equations for the thermal
conductivity and the shear viscosity. Now, we note that the
sound mode is not a genuine-relevant mode but a secondly
mode that is strongly affected by order-parameter fluctua-
tions but yields only a negligible feedback for the order
parameters [24,38]. Then, we can neglect the sound mode
for the minimal critical dynamics; however, the bulk
viscosity is not renormalized in that case. Here, to first
analyze the minimal dynamics, we neglect the secondary
mode, which is renormalized in the next section. In that
case, the equations of motion are given by

Pk, 0) = §°k, ) + Gk, @)V, 1 (k, @)  (BI)

and Eq. (AS55). For a diagrammatic treatment, we denote
the full and bare variables, the bare propagators and the
bare correlation functions as Fig. 1. Then, we can represent
the equations of motion (B1) and (A55) as Fig. 2.

For coarse gaining, we decompose the variables into the
long- and short-wavelength components as

Uk, ) = §Lk, o) + §5k ), (B2)
Gy :—>— C):—0—
Gl:->»—- C%: -0-

Diagrams for the full and bare variables, the bare propagators, and the bare correlations.
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FIG. 2. Diagrams of the equations of motion for the thermal and viscous modes. The left- and right-hand side, respectively, denote

Egs. (B1) and (A55).

with

gLk, w) = OA — A — k) ik, w), (B3)

S5k 0) =0k —A - 5Nk w), (B4
where ©O(x) is a step function; i.e., the wave number is
decomposedinto 0 <k < A — A and A — A <k <A.
Hereafter, quantities with the suffixes L and S are supposed
to be decomposed as above. To average over the % and
8J9, we must solve the equation of motion about them.
Here, we solve the equations of motion to second order in
the nonlinear interactions and average over % and & ](J)_S.
Then, we find the coarse-grained equation of motion for ¢,
which is diagrammatically given by Fig. 3. The last two
terms in Fig. 3 represent nonlinear interactions being of
third order, and can be neglected. Furthermore, the fifth
term vanishes due to the relation between the step and delta
functions in the loop integral. Introducing the self energy
2 »» Which is graphically represented in Fig. 4, we can
write the coarse-grained equation of motion for ¢ as

)k, w) = GOl (k, w) + G?;‘(k, “’)Vﬁlpl(k’ )
+ gk, )G (k, ©)2 4k, ). (BS)
The self energy is given by
Sk, ) = —T.h. 'k xy ' (k)
< (- P ~ g) - k)xo(a)
¢ ~iw + A(@)xy (@) + molk — @h
(B6)

where 7y(k) = 1ok>. Solving Eq. (B5) about ¢*, we have
J = LG~ 3y, 0,

+ [(G?l;L)71 - 2¢/¢]71V$¢l’ (B7)

where we have used Eq. (A56). Introducing renormalized
variables as

(Gyr) 'k, ) = (G?/,L)fl(k» w) — 2,k o), (B8

P %k, w) = G yr(k, w)a;'0,k ), (B9)

L S S
L L '/ AN L '/ \‘ L
[N \ / A /
. SOl L7 AP
AN > O

L

S S

1
A S L L . .
: L e e
+ —>——— R + > ¢ >
S L S L

FIG. 3. Diagrams for the coarse-grained equation of motion for . The letters, L and S, respectively, denote the long- and short-

wavelength components (see the text below Eq. (B4)).

FIG. 4. Diagrams for the self energies.
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we can rewrite Eq. (A56) as the renormalized equation of
motion:

‘Z’L = ‘Z%L(k, w) + Gl//R(k’ CU)VL

e (B10)

We now require that the renormalized propagator has the
same form as the bare one:

(Gl/]R)_l(k, (U) = —iw + /\RDl//kzXo_l(k), (Bll)

where Ap is the renormalized thermal conductivity. That is,
we require that the only transport coefficients are explicitly
renormalized. The small correction for the thermal con-
ductivity 6A = Ax — Aq reads

oA = _kliTO[(DwkzXo(k))_lE;zu//(k, )],
_ T (k- P(q) - k) xolg)
heDy Jq Ao(@xg ' (@) + mol@)hs

We approximate the denominator and the numerator as

(B12)

(@ xg (@) + no(@hs ' ~ moll)n, !, (B13)
X0 @ =ro+t ¢ ~q (B14)
near the CP [28]. Then, we find
T. dQ, ~ A A
A~ — k-P -k[ dgq’=>
Dy mq (27T)d( @k a—sa 4
T, [dQ, - )
=—-_° — % (k- P(q) - k)ATISA, (B15)
Dymno J Q2m)* 1

where d{), is the solid angle in the space dimension d.
Therefore, we obtain the RG equation for the thermal

(S11(k )y = —Toh:! [ Xolk — (P L&) - )14, ¥
q

which is graphically represented as Fig. 4. In the space
dimension d = 4 — €, we find the RG equation for the
shear viscosity

an(A) 1

—A =
aA 24

FA)n(A), (B22)

where the prefactor 1/24 comes from the angular integral
in Eq. (B21) and the factor (d — 1)~! in Eq. (B20).

Differentiating Eq. (B19) about A, we have the RG
equation for f(A)

)

A (B23)

(e~ pr)rea

PHYSICAL REVIEW D 83, 094019 (2011)

conductivity:

a_ T, dQy,
oA~ Dyn(A) J Qm)

(k- P(q) - k)A*, (B16)

where 7 is rewritten as n(A). For the space dimensions,
d = 4 — e, the angle integral is given by

f 9 @ pg) k) = %m, (B17)

@m)*
where K is the surface area of a unit sphere in 4 dimen-
sions divided by (27)*. The RG equation in 4 — € dimen-
sions reads

oA 3
—A—==-Ff(M)AA Bl
S5 = S, (BI8)
where we have introduced
T.K,
(A)=—— (B19)
T =5 A

for a later convenience.

By making coarse-graining of the viscous mode with a
similar procedures as above, we obtain a small correction
for the shear viscosity:

oy = —k}igo[(kthl(d - 1))*2(&&'@ w))u]’
(B20)

where (2 | (k, w)),; is the self energy for the viscous
mode and given by

Xo'(@) — xo'(k — ¢q)
—iw + A(@)x, ' (g) + Ak — q)xy 'k — g)’

(B21)

APPENDIX C: RENORMALIZATION
OF THE SOUND MODE

Next, let us make a coarse-graining of the sound mode
for the renormalized bulk viscosity. Because a feedback
from the sound mode is neglected, we must renormalize
the mode with a method separating relevant and secondly
modes [38]. Here, we take the method developed by Onuki
[21,25], in which RG equations are derived from
fluctuation-dissipation relations.

Now, we consider the equation of motion for the sound
mode, (A22):

—iw5]|| = —ikTCI:)(a](k)lez + Calﬂzhcrﬁ

+ B ey [Q I @)k — q>]

— Kvph 18Ty + 6, (CD)
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where the noise term éﬁ satisfies the fluctuation-dissipation
relation:

(@), )8 ks, 03)) = 2T k2wl X Q)T 18(ky + ko).
(©2)

Since 8J is a conserved density projected onto k, we can
rewrite Eq. (C1) as

— iwd]yk, ) = ik - TI(k, ®) - k, (C3)
where ﬁi ; is the stress tensor. If we take z direction as k,
I1., reads

ik w) = —Tc[xa%k)cjia(k, ©) + C;' Boh. ik, w)

+ 85 hevo [ gk q>]

+ ikvhh 18T (k, @) + 7.(k, w), (C4)

where ﬁ'?j(k, w) is the random-stress tensor coming from
microscopic process and satisfies the relation, ik -
Ok, w) -k = 0~ﬂ(k, ).

We now consider how Eq. (C1) is affected by the coarse-
graining procedure. In the coarse-graining procedure, the
variables, /%, m and 8J° are eliminated from Eq. (C1).
The eliminated variables do not disappear from the
equation of motion but are implicitly contained in the noise
term. In other words, we convert the macroscopic process
in the wave number shell A — A <k <A into the

|

<§ﬁ/lacro(k1’ wl)éﬁflacro(kzl w2)> = _k1k2(TchC,82_1)27(2) X j
01Q14,Q,
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microscopic process. In this procedure, the noise term is
implicitly renormalized as follows:

Ok, w) = O)(k, ©) + 6"k, w), (C5)
where
gk, 0) = ik - 70k, w) K, (C6)
FMacro(k ) = —TC[Xgl(k)C,LZS + Cy ' Byh o
+ ,Bz_lhcyofﬂ (@) Sk — q)]
q
+ ikvhh ! 5Jﬁ, (C7)

~ ~T.85 huye [ @k, (©3)
q

where we neglect the linear terms in Eq. (C7) that is
irrelevant for the following argument. The new term
5ﬁdacr°(k, w), being due to the coarse-graining, contributes
the transport coefficient through the fluctuation-dissipation
relation:

<9~ﬁ/lacm(k1, wl)éﬁdacm(kzy )

= 2T k3 5v!(k), w)2m) 1 8(k; + ky), (C9)

where we have assumed that the renormalized equation
of motion has the same form as Eq. (C1). We note that this
assumption is equivalent to the requirement below
Eq. (B10). Now, we calculate the left-hand side in
Eq. (C9):

WS (g5 — q)P5(q) ¥ (ky — g2)). (C10)

Approximating the variable by the bare one, 5 ~ 5, we find

(B, o) s w03)) = @Y 300y + k) X 26T P [ CB@CPh — g),
q

where we have used Eq. (A62) and neglected a term
corresponding to a disconnected diagram. Then, compar-
ing with Eq. (C9), we obtain the correction to the
longitudinal-kinetic viscosity:

SV (k, ) = T.B;,*h2v} f CP(CY(k — g). (C12)
qQ

We are not interested in the frequency-dependent or wave

number-dependent bulk viscosity, and then take the limit k,

w—0:

5= lim 5/(k ) =T, 83273 j ()P (C13)
, W= qQ

(C11)

[

After the integration, we find the RG equation for longitu-
dinal kinetic viscosity:

. AaVl(A) _ Tch%K4 2

-1 —e—4
A BID, YA AATH, (Cl4)

where we have rewritten the static parameter vy, as y(A) to
denote its cutoff dependence as mentioned in the text. The
asymptotic behavior obtained from this RG equation is
different from the shear viscosity’s behavior, so we replace
above RG equation as
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Although, by this method, we could more easily obtain
the RG equations for the thermal conductivity and shear
viscosity, we have taken the diagrammatic method for an
instructive purpose.
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