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Generalized thermodynamic and transport properties. I. Simple liquids
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We propose a method by which the generalized transport properties and coefficients at all wavelengths and
frequencies can be obtained by inversion of an exact kinetic equation. The necessary data are the density-density,
energy-energy, and density-energy time correlation functions, which can be obtained by molecular-dynamics
simulation. In addition, also the coupling between viscous stress tensor and energy flux vector can be obtained
without approximation. This allows one to check the validity of the Markov assumption in a straightforward
way. As a first test case, the theory is applied to liquid argon in two thermodynamic states. For this system, we
calculate and discuss generalized thermodynamic (enthalpy, specific heats, and thermal expansion) and transport
properties (longitudinal viscosity, thermal conductivity).
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I. INTRODUCTION

Generalized hydrodynamics extends from the macroscopic
to the microscopic scale the domain of ordinary hydrody-
namics. Retaining the form of the Navier-Stokes equations,
it describes how the thermodynamic properties and transport
coefficients depend on distance and time scales typical of
the microscopic structure and dynamics of the fluids. With
this extension, one will then be able to predict, for example,
the momentum with which neutrons are scattered at various
angles by a fluid. In the study of liquids since 1965, the
generalized hydrodynamics theory [1-6] has been developed
by many authors. At the same time, computer simulations
started their enormous increase in scope and applications
[7-9]. In addition, the neutron scattering technique [10,11]
was continuously improved, complemented, after 1990, by
inelastic x-ray scattering [11,12]. From a theoretical point
of view, an important reference is the paper by de Schepper
et al. [13], which stimulated and inspired a large part of the
work reported here. Despite the fact that the core of the theory
was the same as that in the classical works [1-6], the elegant
development of the arguments was full of implications, not all
of them completely realized and exploited in our opinion.

The authors [13] suggested to adopt a base of microscopic
variables that includes fluctuations of density, n, longitudinal
velocity, u, energy, e, longitudinal stress tensor, o, and longi-
tudinal heat flux, g. They showed that only three independent
time correlation functions (cf’s), namely the density-density,
density-energy, and energy-energy cf, are sufficient to derive
the entire set of microscopic hydrodynamic cf’s. As a test,
the method was applied to the Lennard-Jones (LJ) fluid
at one thermodynamic state. For this system, a number
of k-dependent thermodynamic functions were calculated:
the enthalpy per particle, the generalized thermal expansion
coefficient, the generalized specific heat at constant volume
and pressure, and the generalized ratio of specific heats. The
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k-dependent transport properties (at w = 0) also also obtained,
but using the Markov approximation and assuming that the
three fundamental time cf’s can be described by the sum
of five complex exponentials. By means of a diagonaliza-
tion procedure, de Schepper et al. [13] obtained the five
k-dependent eigenvalues: two (also complex conjugate for
higher k values) were related to the two kinetic real modes
at small k values, while the remaining three were a direct
extension of the heat mode (always real) and complex acoustic
modes. For the latter, the common real part corresponded to
the sound damping and the conjugate imaginary part to the
sound dispersion.

The authors also introduced five k-dependent orthonormal
linear combinations of the five microscopic quantities de-
scribed above. The advantage of this procedure is that the
temperature replaces energy in the basis set, and with the
three new orthonormal density-density, density-temperature,
and temperature-temperature cf’s, it is possible to describe all
the transport properties of the fluids. In addition, they obtained
an exact kinetic equation that relates the Laplace transform
of the new orthonormal cf’s with all the transport properties
and hence transport coefficients (see Appendixes A and B of
Ref. [13]).

Another interesting approach to the same issues is that of
generalized collective modes (GCM) of Mryglod et al. [14]:
the starting point was practically the same as that in [13],
with the exact kinetic equation described above, although the
set of variables was not normalized. Assuming the Markov
approximation for the memory functions of the cf’s obtained
from the hydrodynamic variables (density, current, and energy,
and their time derivative), by means of a diagonalization
procedure the authors obtained the above cf’s as a linear
combination of complex exponential terms, as in Ref. [13].
The first application was made for the LJ fluid at the same
thermodynamic state as in Ref. [13] in the five-, seven-,
and nine-variable approximations (note that the five-variable
approximation must coincide with the approximate procedure
of Ref. [13]). The method was also applied to the transverse
modes, to binary and multicomponent mixtures, to a magnetic
and polar fluid, and more recently to single-particle dynamics
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[15] and to the transverse modes of the TIP4P model of
water [16]. According to the authors [14], increasing the
number of variables led to more accurate results, even though
the used cf’s are not independent. However, as will be shown
in the following, although the approach of Mryglod et al.
may account for the k,w dependence of the coupling between
viscous stress and energy flux, at least for not too high k values
(not in the Gaussian regime), it is impossible to check if the
results actually converge to the “exact” ones.

The kinetic equation mentioned above inspired the method-
ological approach we outline in Sec. II of this paper. Our most
remarkable result is that in the frequency domain (and hence,
in principle, in the time domain) it is possible to obtain an
exact expression for the transport properties and coefficients
at all k and frequency values, without the need of the Markov
approximation or any other restrictive hypothesis. This result
is attained from the three density-density, density-temperature,
and temperature-temperature correlation functions, after a
simple linear transformations of the density-density, density-
energy, and energy-energy cf’s calculated by molecular-
dynamics (MD) simulation. The exact solution also allows
one to test the Markov approximation, as it gives not only the
generalized longitudinal viscosity, thermal conductivity, and
generalized ratio of specific heats at all k’s and frequencies, but
also the generalized transport coefficients. It is worth observing
that the latter are usually obtained with use of the Markov
approximation.

Section IIF is devoted to a discussion of a memory
function approach that leads to an interesting and simple
connection of the second- and third-order memory functions
of the density-density and temperature-temperature cf’s with
the two corresponding k,w-dependent transport coefficients,
especially in the proper physical limit. Note that the coupling
between viscous stress and energy flux can also be obtained
without approximation, as well as the free-streaming limit.
This regime, where the cf’s gradually change from a complex
exponential to a Gaussian-like behavior, can be treated with
the same procedure, as the method is general and not restricted
to a functional fitting type.

To conclude, we remark that despite the enormous amount
of work in this field, many questions are still not answered
satisfactorily, and a more detailed description of the theoretical
problems over the whole k-value regime is of interest [17,18].
Also, the experimental neutron and x-ray scattering results,
which become more and more accurate [19,20], still need to
be explained. For instance, it is worth remarking that the
data of the dynamic structure factor can be interpreted in
two seemingly equivalent ways, which correspond to focusing
on viscous or thermal effects. At present, no experimental
technique allows us to complement the data of density
fluctuations with those of energy or temperature fluctuations,
which could be used to resolve this ambiguity. However, ex-
perimental results of the dynamic structure factor are matched
by molecular simulation to such an accuracy that those
concerning energy or temperature cf’s can also be considered
reliable.

The availability of a broad range of cf’s for a wide spectrum
of k,w, in its turn, demands a theoretical framework that has
to be general and, possibly, free from approximations. This
paper attempts to propose a viable theoretical scheme for
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simple liquids, while its extension to molecular liquids is
presented in the following paper. The method is outlined in
Sec. II, with formal details collected in the appendixes. The
results of generalized thermodynamic properties and k- and
w-dependent transport coefficients are presented and discussed
in the following section. Section IV presents a summary and
the main conclusions.

II. THEORETICAL BACKGROUND FOR SIMPLE LIQUIDS

A. Fundamental definitions

We consider a three-dimensional fluid of N particles
interacting through a potential ®(r) [13]. The time-evolution
operator that replaces the position and velocity of an arbitrary
particle o at 7 = 0 by its position and velocity at time 7 is e,
where L is the Liouville operator defined as

N N

~ 0 1 ad_(r, 0

L=§ Va.a__ﬁ z #E)_ .1
a=1 Lo a=1,ap Lap Vo

The five wave vector (k) microscopic quantities a,,(Kk) are
given by

1 N
k)= —= Y  Agm(k) e KT, 2.2
(k) W; (k) e 2.2)

In Egs. (2.2), m =1, ...,5 refers to the density, longitudi-
nal velocity, energy, longitudinal stress tensor, and longitudinal
heat-flux fluctuations, respectively.

The quantities A(a’")(k) are defined as follows:

Ag1(k) =1, 2.3)
Kk
Aa,Z(k) =Vqu - Ea (24)
1 N
Aa3(k):—MV§+§ >, (rup), 2.5)
B=1.p#a
A a(K) kY,
a =|Va* T YR
4 k 2MK2
N 9D, (rap) e
x Z k- —2 ek 1] (2.6)
al‘alg
p=1.p#a
1 . K
As@) =5 | MYz + D @ (rep) | Ve
B=1.p#«
- 9D, (rup)
L P ik 1] (2.7
T 2V ory @7
B=1,p#a
The correlation functions (cf’s) of interest are
Fuk,t) = (anK)*e" q/(K)) = (&) ai(k,1)),  (2.8)

with m,l =1,...,5. F,;(k,t) are 25 cf’s with initial val-
ues V, (k) = F,,;(k,0) and symmetry condition F,,;(k,t) =
Fy,,(k,t). Then, the (5,5) matrix of the initial values V,,;(k)
contains only nine nonvanishing terms (the other initial values
are zero for different parity):
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The conservation laws for [ = 1,2,3,4,5,

i 0
Fyk,t) = — — Fy(k,t), 2.9
21()k8t”() (2.9
I 0
Fy(k,t) = — — Fy(k,t), 2.10
41(k,1) o1 2u(k,t) (2.10)
i 0
F5(k,t) = — — F51(k,1), 2.11
51(k,t1) o 31(k,t) (2.11)

reduce the nonvanishing initial values to seven and the different
cf’s F(k,t) to twelve. Applying Egs. (2.9) and (2.11), we
have Fy(k,t) = Fi4(k,t), Fos(k,t) = F34(k,t), and Fy3(k,t) =
Fi5(k,t), so that Vo (k) = Via(k) and Vas(k) = Vau(k).

Note that the remaining 12 cf’s F,,;;(k,t) are not indepen-
dent, because from the conservation laws it is possible to
obtain nine additional relations, five connecting the first time
derivative and four the second time derivative to the simple
functions. In conclusion, within the 25 F,,;(k,t), only three are
independent, that is, F(k,t), Fi3(k,t), and F33(k,t), while all
the other cf’s can be obtained from these three basic functions.

B. Orthonormal linear transformation

As is well known, in generalized hydrodynamics (as well
as in any other approach based on memory functions) it
is advantageous to deal with a set of mutually orthogonal
variables. This reduction can be achieved by introducing five
k-dependent orthonormal linear combinations b,, (k) of the five
microscopic quantities a,, (k) of Eq. (2.2):

5
bu(k) =Y Un(k) ai(k), (2.12)
=1

which satisfy the orthonormal conditions ([b,,(k)]*b;(k)) =
8ml-

The (5 x 5) matrix U(k) is related to matrix V (k) by
U U k) = V=" k).

A successive orthogonalization of n, u, e, o, and g defines
the matrix U (k), whose elements as a function of V,,;(k) and
of thermodynamic parameters are reported in Appendix A.

C. Generalized hydrodynamics and G, (k,t)
We start with the 25 cf’s G,,;(k,t) defined as follows:

Gui(k,t) = ([by ()" bi(k,1)). (2.13)

The cf’s G,(k,t) can readily be calculated from the
relevant F;;(k,t), and the expressions of the four fundamental
functions G1,G2,,G 13, and G33(k,t) are given by Egs. (3.16)—
(3.18) of Ref. [21].

In generalized hydrodynamics, it is impossible to connect
the above time cf’s to the transport properties, in the time
domain, without approximations. In contrast, this is possible
in the frequency domain, through the exact kinetic equations
(derived in Appendix B),

5
2Guk,2) ==Y Hu(k,2) Guk,2) + 8, (2.14)

r=1
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where H,,, (k,z) are the elements of the matrix

0 i fun(k) 0 0 0
ifunk) 0 ifur(k) ifuo(k) 0
Hk.z)=| 0  ifur(k) 0 0 i frq(k)
0 i fuo (k) 0 2o(k,2)  izgo(k,2)
0 0 ifrg(k) izge(k,z) z4(k.2)
(2.15)

and are derived and defined in the same appendix. In
this matrix, there are four k-dependent characteristic fre-
quencies [defined by Egs. (B6)-(B9)] and three (k,z)-
dependent transport parameters [Eqs. (B10)—-(B11)]. Now,
solving the linear system of Eq. (2.14), it is possible to
obtain all the G,,;(k,z) as a function of these four frequencies
and three (k,z)-dependent transport parameters. Notice that
the three functions Fy,(k,t), Fi3(k,t), and Fs3(k,t) and their
Laplace transform are sufficient to calculate all the Gk, 2).
We report in the following only the result for the Laplace
transform of the three fundamental functions [the results for
the other independent G,,;(k,z) are reported in Appendix C].
We obtain

[z + z7(k, D)1z + 2ok, 2)] + [ fur (k) + Ak, 2)]

Gi(k,z)= Do :
(2.16)
~ = Jun B fur (k) + A(k,2)]
Gis(k,z) = Dk.0) , (2.17)
~ 22 funk)? + z24(k.2)]
Gis(k,z) = D) , (2.18)
with
Juo (k) frq(k) 240 (k,2)
=— 2.1
A(k,z) Di(k.2) , (2.19)
_ Jfus(R)? [z 4 24(k.2)]
z¢(k,2) = Dy (k.2) , (2.20)
_ frek)? [z + z4(k,2)]
zr(k,z) = Do) , 2.21)
and

D(k,z) = z[z + zr(k,2)]1[z + z4(k,2)]

+ fun [z + 27k, 201 + 2l fur (k) + Alk,2)].
(2.22)

In Egs. (2.19)-(2.21),

Di(k,2) = [z + 2ok, 2)][z + 24k, 2)] + 240 (k,2)%. (2.23)

The standard problem of generalized hydrodynamics is to
obtain information on sound propagation and dispersion, and
on transport properties (viscosities and thermal diffusivity).
From the experimental point of view, however, scattering
experiments provide data of the structure factor, S(k,w)
Re{G;(k,z)}. With these data only, it is impossible to obtain
all seven quantities of matrix H (k,z), the four frequencies and
the three complex quantities, which are connected directly
to the transport properties. Hence, to obtain this information
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on transport properties, it is usually necessary to resort to a
model for the memory functions [5,6] (viscoelastic model,
two exponential model, etc.). By MD simulation, on the
contrary, itis possible to calculate all three cf’s density-density,
density-energy, and energy-energy directly, F;(k,t), Fi3(k,t),
and Fi3(k,t), and, by orthonormal transformations, the three
cf’s Gyy(k,t), G3(k,t), and G33(k,t); note that in the last cf’s
the index 3 relates to temperature, so that G33(k,t) is the nor-
malized temperature-temperature fluctuation. In conclusion, in
MD “experiments,” with the above-mentioned three cf’s one
can perform the inversion of Eqgs. (2.16)—(2.18) to obtain the
three quantities z,(k,z), z4(k,z), and z40 (k,z), together with
the four generalized frequencies, without approximations and
models.

If the higher-order cf’s, with m or [ = 4,5, are eliminated,
Eq. (2.14) reduces to

3
2 Guk,2) ==Y HW(k2) Guk,2) +8u,  (224)
r=1

with H", the hydrodynamic matrix, defined as follows:

H"(k,z)
0 i fun(k) 0
= | ifun(k) 24(k,2) il fur (k) + Ak,z)]
0 ilfur(k)+ Alk,2)] zr(k,z)
(2.25)

The comparison with the standard hydrodynamic model
leads to the following generalizations:

k2 k,z
toll,g) = L&D (2.26)
where 1y (k,z) is the generalized longitudinal viscosity;
Mk,2) M
zr(k,z) = K L, (2.27)
p cy(k)
with A(k,z) the generalized thermal conductivity; and
(k) + Alk,2)]?
yi,g) = 1 4 Lur@®+ AED] (2.28)

Jun(k)?

the generalized ratio of specific heats. In the hydrodynamic
model (k) it is assumed that the z dependence of these
three properties can be neglected, so that G (k,w) = ng;{‘;’)
becomes a sum of three Lorentzians that correspond to the

three eigenmodes of matrix H' (k).

D. Generalized transport properties

To obtain an explicit expression of the three functions
2o(k,2), z4(k,z), and z4(k,z), it is convenient to rewrite
Egs. (2.16)—(2.18) using the three new complex variables:

, =—— 2.2
g (k.2) 7+ z4(k,2)’ 2:29)
i = 2.
kD)= kD (2-30)
far(k,2) = fur(k) + Ak,2). 2.31)
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Using these functions, Egs. (2.16)—(2.18) become

1+ iy (k27 (k. 2) fur (k,2)?

Grk,2) = dentk.2) , (2.32)
Giatk.z) = _fun(k)nqb(ksz)nT(ksZ)fuT(k’Z)’ (2.33)
den(k,z)

2~ ~
Gath.z) = [z + fun(k) n¢(k,z)]nr(k,z)7 (2.34)
den(k,z)

where

den(k,z) = 2+ fun (k) (k. 2)+2 fip(k, ) (k,2) fur (ko2)?.

(2.35)
Combining the three equations above, we can derive
- ~ ~ nr(k,z)
Guk,2) Gask,2) = Giak, 27 = Tiah,2) = ————.
den(k,z)
(2.36)

Then from Eq. (2.34), we obtain

1 Guk,2) —zl3(k,2)
Sun(k)? Ii3(k,z)
1 A3(k,z)
 fun(k? Ti3(k,2)

ny(k,z) =

(2.37)

Replacing Eqs. (2.36) and (2.37) in Eq. (2.33), we have

— fun(k) Gr3(k,2)

fur(k,2) = At (2.38)
and from Eq. (2.32),
o Askd Askd

1 —Z Gl](kvz) B F]](k,Z).

Using Egs. (2.29)—(2.31), it is now possible to calculate
A(k,2), z¢ (k~, z), and zz(k,z) asa fungtion of the three Laplace
transforms G1(k,z), G13(k,z), and G33(k,2),

— fun(k) G13(k,2)

Alk,2)= fur(k,2) = fur(k) = A
(2.40)
B  fanOPT3(k,2)
z¢(k,2) + 2z = ok 2) = A , (241
o) +z= ot = Tukd) (2.42)

nrtk,z)  Anikz)

The three (k,z)-dependent transport properties z,,(k,z),
Z5(k,z), and z4(k,z) of matrix (2.15) can now be expressed
as follows:

Z40(k,2)
Juo (k) frq(k)
—A(k,z)
[zo(k.2) 27 (k.2) + A(k,2)?]
_ fun)G13(k,2) + fur(K) A3k, 2)]A13(k,2)
o Do (k,2)

. (243)
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zo(k,2) + 2 _ z7(k,2)
Ffuo? zg(k,2) zr(k,2) + A(k,2)?]
_ [Fll(k7z)_ZAIB(k,Z)]AB(ka)’ (2.44)
Dyo(k,2)
gk, )+z z¢(k,2)
fra®?  lzg(k,2) zr(k,2) + A(k,2)%]
_ [funkPTi3(k,2) — 2A 130k, D)1 A 13(k,2)
B Dyo (k,2) ’
(2.45)
where
Dyy(k,z)

= [[11(k,2) — 2813 DI fun (K Ti3(k,2) — 2A13(k,2)]
+ [fun()G13k,2) + fur () A3 (k,2)]. (2.46)

As shown in Sec. III B, from the short time behavior and
the initial values of these functions, also the generalized ther-
modynamic properties h(k), a(k), cp(k), cy(k), and therefore
y (k) can be calculated [see Eqgs. (3.3)-(3.8)].

In conclusion, we have obtained exact and explicit expres-
sions for all elements of matrix (2.15), which can be calculated
from the three cf’s Fy,(k,t), Fi3(k,t), and F33(k,t) through the
transforms G11(k,z), G13(k,z), and G33(k,z). This result is the
main original contribution of the present paper.

E. Physical interpretation of transport properties
and limiting cases

In a number of interesting cases, the three generalized
parameters 1, (k,z), A(k,z), and y(k,z) can be related to the
transform of the MD cf’s in a clearer way. -

To achieve this result, it is convenient using Gy (k,z), the
transform of the longitudinal current cf, instead of that of the
density-density cf, G,(k,z). Using Eq. (C4), we obtain

nr(k,z)
_ﬁ{ 1 [_ 813(k,2) }_Z_fw(k)z}
k2| Gulh,2) 1+ 813(k,2) z )’
(2.47)
Ak, z)
pcy (k) 1 d13(k,2)
_ _ 1 — _ 24
KM {G33(k,z)|: 1+513(k,Z):| Z}’ (249
and
813(k,2) ?
k) —1=|— . (249
rto) [an(k,z)[waB(k,z)J 249
where

22G13(k,2)?
Fun(k)2Goa(k,2)G33(k,z)
The equations above show that 7.(k,z) is related to

522(k,z), the transform of the longitudinal current cf, being
mostly determined by its memory function. In a similar

S13(k,z) = (2.50)
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way, A(k,z) is connected to the temperature-temperature
correlations, as this parameter also is related to its memory
function of Ga3(k,z). As to y(k,z), this parameter reflects
density-temperature correlations, being ruled by G 3(k,z).

The connection between transport properties and the
Laplace transform of the correlation functions becomes more
apparent when the condition |613(k,z)| < 1 is fulfilled. In this
case, we obtain

~ P 1
Re{n (k,2)} = sze{Gzz(k,z)}’ (2.51)
~ pev(k) 1
Refhk, o} = =5 Re{é33(k,z)} (2.52)

and y(k,z2) — 1 =0.

From a physical point of view, this condition corresponds to
a liquid with a small generalized thermal expansivity y (k) —
la o (k)*> <« 1 and relatively small temperature-density cou-
pling, that is, relatively small cross correlation between stress
tensor and longitudinal heat-flux fluctuations, |A(k,z)| ~ 0.

A sort of opposite limiting behavior is observed if the
conditions

Zq0(k,2) =0,

|Ak,2)| K fur(k) or y >1 (2.53)

are verified. This means that the coupling between the stress-
tensor and heat-flux fluctuations becomes negligible, but the
specific-heat ratio is much greater than 1. In this case, also
the calculation of the elements of the matrix (2.15) can be
simplified. We have

Voo (k)
Vi(k)

Fur(e.2) = fur(k) = [ [y (k) — 1]]2 k. (2.54)

From the relations among the basic functions G;(k,z),
G3(k,z), and G33(k,2),

G(k,z) — 2 [G11(k,2)G33(k,2) — G13(k,2)*]
— fun(k) G13(k,2)

= Apk,z) = B (2.55)
and
fun(®?G(k.2)G33(k.2) + 22 G13(k.2)?
_ cthe® kD) s

Jur (k)
we can rewrite Eqgs. (2.47) and (2.48) as

nrk,z)

_ ﬁ{ 1 [
k2| Gnlk,2)

z fur(k)Gm(k,z)] L fun(k)z}
fun(k) z J
(2.57)

Mk, z)

_ oM { 1 |: quT(k)GIS(k»Z):|_Z}
Key(k) | Gask,z) fun(k) '

(2.58)
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In other words, in this case G3(k,t) becomes the funda- where
mental function. 7 fur(k, 2)?

My (k,2) = 27k, 2) + ’
33.1(k,2) = z7(k,2) 2+ 7 29(k.2) + fun(k)?

Note the different order of the Gii(k,t) and Gs3(k,t)

A very useful and frequently used approach involves the  ¢f’s with respect to the memory function formalism and the
memory functions [5,6,19,22]. From a Laplace transform of a transport coefficients: 1‘711 12(k,z), the memory function of
normalized cf N (), we obtain the respective memory function order 2 of G (k,1), has z4(k,z) at the same order as z(k,z) of

by the relation 1%3, 1(k,z), the memory function of order 1 of G33(k,t). From
this point of view, Gy, (k,t) behaves as G33(k,t) does. In fact,

(2.63)

F. Memory functions approach

NG@) = —~—o, (2.59) , i
Ry T from Eq. (C4) we oll)taln 1
where M(z):M(I:O)ﬁl(z) and ﬁl(z) is the Laplace 522(/‘:1): ~ = ~ 2"
transform of the normalized memory function of order 1, 2+ Mypi(k,z) 2+ Muak.2) + fun(k)*/z
Ni(t), of the correlation function N(¢). Applying this relation (2.64)
to the autocorrelation functions Gyi(k,7) and Gs3(k,1), we It is worth pushing the procedure one step further: as a
obtain consequence of Egs. (2.19)—(2.23), with a simple calculation,
™ finally we obtain
~ My,1(k,2) 1
Niak,z) = : = ~ , 2.60 ~
I T M Misksy = — Muak 1
where o Suoc(k)? + fur(k,0)? 7+ M, 1,3(/(,2)’
JT k.2 (2.65)
~ u s <
My o(k,z) = zp(k,2) + -2 2.61
11,2(k,2) = z¢(k,2)  + 2 k2) (2.61)  where ~
d My 5k,2) = 25 (k7)) —=—— 2.66
an 1 11.3(k,2) = z6( Z)l A2 (2.66)
Gyk,z) = ———), (2.62)  with
» z+ Ma3,1(k,2)
|
> unkzu k2 aks 2 aks uak uk k
A, (kz) = Jun( )2f 7(k)” 2+ 25(k,2) + 22246 (k,2) { fuo ( )/[fZT( ) frq(K)]} 2.67)
Juo(k)?z5(k,2) 7 [z + z4(k,2)] + frq(k)
and
~ 7 (k) Di(k,2) — 2 240 (k,2) fuo(k k)/ fur(k
Rathzy = 200 D1td) = 2 200 ) S K00/ fur ) .
Suo (k) z [z 4+ 24k, D)1+ frqk)
Moreover, for the memory functions of G3(k,t), we obtain
- M (k, 1
Ns31(k,z) = 233"(~ 2) = , (2.69)
frq(k? + fur(k,0) Z+ M332(k,2)
where
~ 1 +z Bu(k,2)
My 0(k,2) = z,(k, 7)) —————<— 2.70
33,2(k,2) = z4( )1 T By (2.70)
with
~ _ Juo K fur ()% 2+ 24 (k,2) 4+ 22 240 (k. 2) { frq(K) /L fur (K) fuo (K)1}
By (k,z) = ) ) 5 5 2.71)
qu(k) Zq(k,Z) [z + 2o (k,2D)[2% + fun(k)* ] + 2 fuo (k)
and
e u kzD k, -2 akv uok k u k
Bk.) = Jur( )2 1k,z) —22z4 (2 2) fi (2)qu( )1, T(Z)_ 2.72)
frq()? [z + zo(k,2D)][2* + fun(k)] + 2 fuo (k)
[
ITI. RESULTS AND DISCUSSION 1.4 g/cm’. In all cases, 864 atoms have been used and

the length of the runs, after a long equilibration time, has
been about 2 ns [23]. We calculated a range of time corre-

Two thermodynamic states of argon have been simulated, at ~ lation functions between the microscopic variables defined
T = 88and 200 K and a corresponding density of p = 1.3 and in Egs. (2.3)—(2.7), namely, Fy;(k,t), Fa(k,t), Fi3(k,t), and

A. Simulation details
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F33(k,t) and also Fy3(k,t), Fyu(k,t), and Fss(k,t). The latter
three functions have been used as a check of the accuracy
of our results. The values of k ranged from k ~ 1.8 nm™'
to k >~ 300 nm~', while the correlation time was significantly
larger than that required for the functions to vanish in the noise.

B. Initial values V,,;(k) and generalized
thermodynamic functions

As a consequence of the theory of critical phenomena, some
of the seven functions V,,;(k) of matrix V (k) are connected to
the generalized thermodynamic properties:

Vis(k) = h(k)S(k) — kp T a(k),
Va3 (k) = lkpT?cp(k) + h(k)*S(k) — 2k T a(k)h (k)]

3.1)
(3.2)

where S(k) = Vi (k is the structure factor). Moreover, the
mean-square longitudinal velocity is connected to the initial
value of the longitudinal current ’% = Vp(k), and the
generalized enthalpy per particle is defined as

9? Vaa(k
L i L g = 20
Voo (k) k% 10 0t2 Voo (k)

The remaining properties are the generalized thermal
expansion coefficient, «(k), and the generalized specific heat
at constant pressure, cp (k). We obtain

_ h(k) Vii(k) — Viz(k)

hk) = — (3.3)

k 34

a(k) o : 3.4
h(k)* Vi (k) = 2 h(k) Vi3 (k) + Va3 (k)

cplk) = ipT? . (35)
Furthermore, from the thermodynamic equation,

kB T20[(k)2
k) =cplk) — ———, 3.6
cy(k) = cp(k) S0 (3.6)

it is possible to calculate the generalized specific heat at
constant volume,

Via(k) — Yol

Vi (k)
v , 3.7
c P (3.7
and hence the generalized ratio of the specific heats,
[h(k) Vii(k) — Vi3(k))?
vy =1+ 1 lv ras (3.8)
Vii(k)[ Vs (k) — T(k)]
It is also necessary to add the two functions
1. 9
Vaa(k) = = tlgl(l) WFzz(k,f), (3.9
1. 32
Vss(k) = —— lim — Fa3(k,1), (3.10)

k2 1—>0 012

which will be used in f,,(k) and fr,(k) [see Egs. (B8)
and (B9)]. In conclusion, except for the two last functions, the
five generalized properties S(k), h(k), a(k), cy(k), and cp(k)
can be calculated by a proper combination of V;y, Vx,, V3, V33,
and V34.

The generalized thermodynamic functions for argon at 88
and 200 K are shown in Fig. 1. At the higher temperature,
these functions depend on k in a more smooth fashion and their

PHYSICAL REVIEW E 83, 031201 (2011)
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FIG. 1. Generalized thermodynamic functions for argon: black
squares, T = 88 K; white crossed squares, 7" = 200 K; the horizontal
thick full and dashed lines relate to k — oo values.

values are in good agreement with the corresponding values
obtained in Refs. [13] and [24] for the same thermodynamic
state. In particular, for k > 15 nm~!, the correlation between
S(k) and (k) is remarkable, and is due [see Eq. (3.4)] to the flat
behavior of (k) and the proportionality of S(k) and Vi3(k)
for these values of k. On the contrary, at low k’s also (k) affects
a(k) and is responsible of the increasing «(k) for k — O.

In its turn, the behavior of (k) [see Eq. (3.3)] is completely
determined by Vi3(k), Vi (k) being constant. At low k and
at T =200 K, h(k) is positive, denoting the prevalence of
the kinetic term, while at lower temperature h(k) is always
negative, denoting the prevalence of the potential term. Note
also the great increase of y (k) for k — 0, especially at lower
temperature.

As remarked in Ref. [24], the k — oo values differ from
the corresponding ideal-gas values because the liquid system
interacts via a potential that does not vanish in this limit.
The ideal-gas limits are h¢) = 5kzT /2, ci,G) = 3kg/2, and
y© =5/3. This difference is evident in the quantities that
are potential-dependent such as h(k), cy (k), and y (k), the only
exception being a(k)T, where a cancellation of terms leads to
the ideal-gas limit value [«(k)T — 1] in Eq. (3.4) also in the
liquid case [A(0c0) — Vi3(00) = kpT].

C. Generalized transport coefficients (X dependence)

The aim of this subsection is to discuss the k dependence of
the transport coefficients [see Egs. (2.40)—(2.45)] inthe w — 0
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FIG. 2. Generalized transport coefficients of argon at w = 0. (a)
and (d) z4(k), (b) and (e) zr(k), (c) and (f) A(k); the full circles
in the z4(k) and zr (k) plot refer to approximate values obtained for
A(k) = 0. The crossed squares reported for A(k) at T =200 K are
calculated from the results of Ref. [25] (see text).

limit. It is worth recalling that the results we obtain with the
theory outlined in the previous sections are not connected with
a linear combination of complex Lorentzian components, as
in Ref. [13] or other possible models. Rather, the generalized
hydrodynamic transport properties are obtained by inverting
exact algebraic relations for the Laplace transform of the three
fundamental cf’s G (k,t), G13(k,t), and G33(k,t), calculated
from the density-density, density-energy, and energy-energy
cf’s. In fact, also the transforms of the cross cf’s A(k,z) and
Z40(k,z) can be obtained “exactly” from simulation data.

z¢(k,0), z7(k,0), and A(k,0) are shown in Fig. 2. The
first two functions are proportional to generalized viscosity
and thermal conductivity, respectively, while the last can be
considered a measure of the coupling between stress and heat
currents. z4(k,0) and z7(k,0) increase almost linearly at low
k’s to produce a peak that ends with a minimum at the k of
the maximum of S(k). The k dependence is more apparent
if these functions are calculated assuming A(k,0) = 0. In
fact, the results diverge as soon as k reaches ~10 nm!, see
Fig. 2. This is where A(k,0) starts decreasing much more
rapidly than f,7 (k) = f,,(k) [y (k) — 1]%, so that the condition
of the second limiting case discussed in Sec. IIE is no longer
fulfilled. In conclusion, at intermediate and high k values it is
not correct to neglect the contribution of the cross correlation
term, A(k,0).

PHYSICAL REVIEW E 83, 031201 (2011)

A dynamical coupling coefficient between stress and heat
currents [£(k,0) o« —A(k,0) cy(k)/k*] has also been com-
puted for the LJ fluid by Mryglod and Omelyan (Ref. [25])
from simulation results, at a thermodynamic state very close
to our own at 7 = 200 K. The results obtained from our data
of cy(k) and A(k,0) show a good agreement with those of
Ref. [25]. The coefficient g(k,O) has a large increase at low k’s,
then a minimum at the k value corresponding to the maximum
of S(k), and a similar oscillation at higher k’s around a value
roughly an order of magnitude lower than the value at low
k’s. The corresponding results at 7 = 88 K show a similar
trend with a minimum at k ~ 10 nm~' roughly one-half of
that corresponding to the maximum of S(k). To compare more
quantitatively the two results, in Fig. 2 the values of A(k,0)
calculated combining our results of z,,(k,0) with cy(k) of
Ref. [24] and £(k,0) of Ref. [25] are reported for seven
k values. The agreement is satisfactory, apart for some points
at low k, where the magnitude of this quantity decreases
and the error in the calculation of this coefficient becomes
higher.

In Fig. 3, the values of z,(k,0), z,(k,0), and z4,(k,0)
calculated from Eqs. (2.43)—(2.45) are reported. The first two
quantities increase as a function of k with an oscillation at
k ~20nm™!, and also 245 (k,0) at higher temperature shows
a small maximum at this k value. The latter quantity at 88 K
increases with k, after a small minimum at low k values. For
T = 200 K, the three quantities show a reasonable agreement

L L

L L L 0 L L
0 10 20 30 40 50 0 10 20 30 40 50

k [nm™'] k[nm™]

FIG. 3. Generalized transport coefficients of argon at w = 0.
() and (d) z,(k), (b) and (e) z4(k), (c) and (f) z44 (k).
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FIG. 4. Generalized transport properties of argon at two temper-
atures. (a) and (c) longitudinal viscosity, 1 (k); (b) and (d) thermal
conductivity, A(k).

with the results of Ref. [13] in the same thermodynamic state.
Note that the results of Ref. [13] are obtained assuming that
F;j(k,t) can be expressed in terms of the eigenmodes as a sum
of five exponentials and neglecting the dependence of the three
parameters on the frequency. This is correct only if the decay
time of the cf’s J, (k,t), J,(k,t), and J,, (k,t), which are related
via Laplace transform to z,(k,z), z4(k,2), and z4,(k,2) (see
Appendix B), is shorter than that of G;;(k,t). In other words,
Z4(k), z4(k), and z,, (k) are the results of a fitting procedure,
which means that these parameters perform a sort of mean of
Jo(k,t), Jy(k,t), and J o (k,t) over the time scale in which the
Gi;j(k,t) decay to zero.

The generalized longitudinal viscosity, 1z (k), and thermal
conductivity, A(k), obtained from Egs. (2.26) and (2.27),
are reported in Fig. 4. Both functions decay rapidly and
monotonically as a function of k, consistently with the behavior
of the “parent” coefficients z4(k,0) and z7(k,0) shown in
Fig. 2. The values at k = 0 are calculated from the Green-Kubo
relations and the results are in reasonable agreement with
the experimental data [26,27]. The viscosity and thermal
conductivity of argon change slightly (10%-20%) in the
two thermodynamic states despite their large difference of
temperature, and this is due to a compensation effect of the
density contribution (the density at T = 200 K is 1.4 g/cm?
versus 1.3 g/cm® at T = 88 K), in perfect agreement with
experimental results.

PHYSICAL REVIEW E 83, 031201 (2011)

Finally, note that from relations (2.19)—(2.21) and (2.43)—
(2.45) in the k — O limit, z,,(k,0) must tend to zero as
k, A(k,0) as k3, zo(k,0) and z7(k,0) as k2, while z,(k,0)
and z,(k,0) tend to finite values z,(0,0) = ([ fuo (k)?/ K210/
nL()}k—o and z4(0,0) = {[ frq(k)*/ k*1pey (k) MA(K)} k-0,
respectively. As we can see from Figs. 2 and 3, these limits
are respected with just a little deviation for k — 0 especially
in z44(k,0), likely due to some residual computational inaccu-
racy.

D. Generalized spectra of transport coefficients (@ dependence)

From the exact kinetic Eq. (2.14) and using Eqgs. (2.40)—
(2.45), it is possible to obtain, for all k values, the Laplace
transforms and then the time dependence of all the transport
properties, without approximation or intermediate models. An
important consequence is that this procedure can be used to
test the validity of the Markovian hypothesis that consists of
neglecting the z (or w) dependence of the three quantities
24(k,2), 24(k,2), and z4,(k,z) in the low frequency range. As
noted in the preceding paragraph, this is correct only if G; i (k,z)
decays completely in the same frequency range in which the
three quantities z,(k,2), z4(k,z), and z,, (k,z) can be assumed
frequency-independent.

An example of this situation is shown in Fig. 5 for argon
at k ~ 265 nm~!. Note that for very high values of k, the
shape of the Fj;(k,t) [or G;;(k,t)] cf’s is practically Gaussian

[ps™]

0 50 100 150 200 250 300 0 50

100 150 200 250 300
T T T T L T [ ]x T T T T T
. ps .
17 LYk / \ ()] G, (ko) (d)
{1200 K ™ el

T=88 K

g ! ! ! ! ! 1 ! ! ! ! !
0 50 100 150 200 250 300 0 50 100 150 200 250 300

(n[ps'l] (D[Ps_l]

FIG. 5. Generalized spectra of the transport properties, of the
ratio of specific heats, and of the three cf’s Gy (k,t), G3(k,t), and
G33(k,t) in the free-streaming limit, k ~ 265 nm~', at T = 88 K
(full lines) and T = 200 K (broken lines): (a) Real part of z4(k,z),
zr(k,z), and A(k,z); (b) real part of y(k,z); (c) real part of
24 (k,2), 24(k,2), and z4, (k,z); (d) real part of Gp(k,2), G3(k,z), and
Gy(k,z2).
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or a time derivative of a Gaussian [28]. The six transport
properties for argon at the two temperatures are reported in
parts (a) and (c) of the figure, while the spectra of the three
fundamental cf’s G, (k,t), G13(k,t), and G33(k,t) are shown
in part (d). The spectra of these functions are essentially zero
beyond w ~ 125 ps~! at 88 K and w ~ 200 ps~! at 200 K. In
the same frequency range, the real part of z,(k,z) and z,(k,z)
decays roughly 20%—-10% at 88 K and 60%—40% at 200 K.
Moreover, the real part of z,,(k,z) shows a flat behavior with
a small maximum at @ ~ 110 ps~' at 88 K and w ~ 220 ps~!
at 200 K. This means that the Markovian approximation is not
accurate at high k, especially in the high temperature state.
Furthermore, the values of z 4, (k,z) are not negligible. In fact,
the values of the real part of z,(k,z) and z,(k,z), calculated
by Egs. (2.44) and (2.45) assuming A(k,z) = 0, are 10%—15%
higher than that of Fig. 5(c), for @ = 0, asithappens for z4(k,z)
and z7(k,z), see Fig. 2.

In Fig. 5(b), we report the real part of y(k,z) defined by
Eq. (2.28). Note that the values reported in Fig. 1(d) relate to
the w — oo limit (or t — 0) for the definitions (3.3) and (3.8),
so that this limit (1.5-1.55) must coincide with the values
at high k’s of Fig. 1(d) and actually does. Note also that
y(k,w — o0) = y(k) # y(k,0), because in Eq. (3.8) there
are only quantities calculated at r = 0 or + — 0 and in this
limit A(k,o — 00) — 0, hence the real part of y(k,z) has an
w-dispersion behavior starting from y (k,« = 0) and reaching
y (k) for w — oo (or t — 0). At lower frequencies, y(k,z) is
determined also by the A(k,z) contribution [see Eq. (2.28)].
In fact, its form is similar to that of the real part of A(k,z) [see
the corresponding maximum in the Fig. 5(a)].

Given that the Markovian hypothesis is not correct at high
k’s for argon, we report in Fig. 6 the analogous results for
the k value (k ~ 20 nm™"), where S(k) has its maximum. At
T =200 K, the cf’s G;;(k,t) decay in the range of 15 ps!,
while in the same range z4(k,z) and z7(k,z) decay only 5%—
10% and the real part of z,,(k,z) is roughly flat, so that the
three functions may be considered w-independent. This is the
reason why the results of Ref. [13], if properly scaled, are in
good accord with our results. The @ dependence of the real
part of A(k,z) can be compared with the theoretical prediction
shown in Fig. 6(d) of Ref. [25], taking into account that because
of different definitions, the sign is opposite and the value must
be scaled. Doing so, the shape is in quite good agreement,
especially in the case of the five-mode approximation. Note
that in Ref. [25] (Figs. 6 and 7), only the theoretical prediction
for the frequency dependence of € (k,z) oc —A(k,z)is reported.
In fact, the authors could not obtain the exact simulation results
(as for generalized shear viscosity and thermal conductivity)
for g(k,z) x —A(k,z), as we do in the present paper.

For T = 88 K, the results are similar, apart for a relatively
large increase (20%—-30%) of z/q(k,a)) in the low-w region that
leads to a corresponding decrease of z7.(k,w) (and then of
thermal conductivity) for @ — 0. Another observation is that
the variation of the amplitude of the real part of A(k,z) is
smaller than at 7 = 200 K, while the effect on the real part of
y (k,z) is more pronounced, probably due to the smaller value
of fur(k) = fun()ly (k) — 11°3, being fu(k) oc T2, In the
case of z; (k,w), the Markovian assumption is more correct at
T =200 K, because at T = 88 K it rapidly increases in the
low w region.

PHYSICAL REVIEW E 83, 031201 (2011)
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FIG. 6. Generalized spectra of the transport properties, of the
ratio of the specific heats, and of the three fundamentals cf’s G, (k,?),
G3(k,t), and Gs3(k,t), at the k of the peak of S(k), k ~ 20 nm™!,
at T = 88 K (full lines) and 7 = 200 K (broken lines), and for k =~
20 nm™' : (a) Real part of z,4(k,z), zr(k,z), and A(k,z); (b) real part
of y(k,z); (c) real part of z,(k,z), z4(k,z), and z,,(k,z); (d) real
part of Gy (k,z), Gi3(k,z), and G3(k,z). The inset shows the low
frequency region.

IV. CONCLUSIONS

We have presented an approach that provides an explicit
solution of the exact kinetic equations (2.14) in the frequency
and wavelength domain.

The data necessary to implement this approach are the
three independent density-density, Fji(k,t); density-energy,
Fy3(k,t); and energy-energy, F33(k,t) time correlation func-
tions. They are most easily obtained in an MD simulation, but
theoretical or experimental data could also be used, provided
they cover a time span large enough to allow an accurate
Laplace transformation.

In fact, orthonormal combinations of the Laplace trans-
forms of the three basic cf’s [G;;(k,z)] are the functions that
enter Eqs. (2.14) as input. With a basis of five variables,
the matrix H,, (k,z) that enters Eq. (2.14) contains elements
that are related to generalized thermodynamic properties (e.g.,
enthalpy, thermal expansivity, and heat capacities), and are
given by proper combinations of the initial values of the three
cf’s mentioned above.

The matrix H,, (k,z) also contains frequency-dependent
functions, related to generalized transport coefficients such
as longitudinal viscosity, thermal conductivity, and ratio of
specific heats. Solving Eq. (2.14) leads to explicit expressions
for these quantities, which offers the additional advantage of
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testing the reliability of the common assumptions usually made
to calculate generalized transport parameters. Among them are
the Markov approximation, which amounts to considering fre-
quency independent the generalized transport coefficients until
the spectra G;;(k,z) essentially vanish, and the approximation
of assuming negligible the coupling between stress tensor and
energy flux fluctuations.

When our approach is applied to the LJ fluid (argon), it turns
out that the latter approximation is not correct, as the parameter
that measures the coupling [A(k,0)] is actually negligible only
in the limit of k = 0, at 88 and 200 K. This approximation be-
comes even less accurate as k increases, except for the k range
around the maximum of S(k). The range of wavelengths where
the maximum of S(k) is corresponds to longer-lived positional
correlations. In its turn, this leads to relatively slowly decaying
time correlation functions and then to spectra that vanish more
quickly. This explains why, if the Markov approximation is
adopted, one obtains more accurate results for £ in the range
of the peak of S(k) rather than in the free-streaming limit.
On the same basis, higher temperatures worsen the Markov
approximated results, with the possible exception of z;(k,a)).
In any case, the most important factor for the reliability of
the Markov assumption remains the distance scale of the
correlations, as measured by k, at least for the LJ fluid.

Moreover, the exact calculation of the generalized thermo-
dynamic coefficients allows one to resolve the ambiguity on the
relative role [essentially due to y (k)] of the viscous and thermal

PHYSICAL REVIEW E 83, 031201 (2011)

contribution to S(k,w), which is the only experimentally
measurable physical quantity [17-20].

Confidence in the simulation results is based on their
agreement with experimental data. This is achieved for the
thermal conductivity [26], as well as for the longitudinal
viscosity [27], calculated from the Green-Kubo relations at
k = 0. The latter is also in accord with recent results from a
very long simulation of the LJ fluid [29].

As a final remark, we note that Appendix D details an
alternative route to the results described in this paper. This
alternative approach leads to a higher accuracy in the high
frequency region, at the cost of computing twelve Fj;(k,t)
cf’s instead of three. In the same appendix we show that it
is possible to write an alternative definition of generalized
longitudinal viscosity and thermal conductivity. This permits
us to obtain a correct definition of the generalized bulk
viscosity [23] for argon and simple liquids, and can be
extended to molecular liquids as well. With this definition,
bulk viscosity remains positive at all k’s, unlike what was
reported for the LJ fluid [25] and, recently, for liquid metals
[30].

APPENDIX A: ELEMENTS OF THE ORTHONORMAL
TRANSFORMATION MATRIX

For the nine elements U,,;(k), we obtain

Un(k) = [Vii ()] = [S(k)] ™2, (A1)
1 kgT 2
Un(k) = [Vaa(k)] > = [7] : (A2)
_ Vis(k)® "2 . 5 !
Usz(k) = |:V33(k) - Vll(k):| = [kgTcy(k)] 2, (A3)
Via(k kpT?a(k
Usi (k) = —Uss(k)#iki = Uss(k) [BT:‘)() - h(k)} : (A4)
Vin (k) Vaa(k)? — 2Vis(k) Via(k) Vag (k) + Vaz (k) Vig(k)? (kBT>2 y (k)
Ugs(k)? = Vyu(k) — = Vyk) — | =) ==, A5
44(k) 44 (k) Vi Vas (k) — Via(k)? 44(k) S (AS)
Vi1(k)Vaa(k) — Vi3(k) Via(k) kpT o(k)
Uspz(k) = —Usa(k = —Un(k _ A6
a0 = =Uul) = V) — Vi e? 4R S® e o) (86)
L Vis()Via(k) = Vis()Vaak) ksT [cp(k) — a(k)h(k)]
Cal) =0 S v — vy~ s am (A7
Var (k) Ves(k) — Vas(k)2 172 ksT -1
USS(m:[ e~ )} - |:V55(k)__fn h(k)z} , (AB)
L Visth)
Us(h) = ~Uss(0)y= 1= = ~Uss (k). (A9)
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APPENDIX B: EXACT KINETIC EQUATIONS FOR THE
LAPLACE TRANSFORM OF THE CF’S OF
ORTHONORMAL QUANTITIES

We resume here, for the reader’s convenience, part of the
appendix A of [13]. The Laplace transforms of the G,,;(k,?)

are
Gk, z) = (bu(k) | bi(k,z2)) (B1)

with

1
|bi(k,2)) = — Zlbz(k)>- (B2)

Equation (B2) can be written as

2 |bik,2)) = L |by(k,2)) + by(K). (B3)

Defining the projection operators,

5
P =" |by(k)) bk, (B4)

P =1-P, (B5)

applying both operators to Eq. (B3), and eliminating
P, |bi(k,z)) and using the definition (B5), we obtain the
exact kinetic equation Eq. (2.14), which involves the matrix
H,, (k,z); see Eq. (2.15).

The elements of the matrix that do not depend on frequency
are given by the initial value of the relevant correlation
functions, so they are related to the generalized thermodynamic
functions:

v22<k)]$ .

fnlh) = |:V11 w (B6)

fur ) = W?Eg [y (o) — 1]T K, (B7)
fw(k)=[% &?Eg ()} L B8)
T = [V”(k) VV;(ZC))V; (ZZ;Y{ )Vi(fk);r o

The matrix H,, (k,z) also contains frequency-dependent
functions, related to transport coefficients and defined by

2o k,2) = f dt e I, (kon), (B10)
0

zq(k,2) =/ dt e J,(k,1), (B11)
0

an(k,Z)=/ dt e Jyo(k.t)+i < (bs(o)|L|ba(k)),
0

(B12)
where
Jo (k1) = —(b4(O|LPLe PP Tiby(k)),  (BI3)
TGty = —(bs(®)LPLe P I P Tibs(h)),  (B14)
oo (k1) = ilbs(k) LPLe' P LPL P Tiby(k)).  (B1S)

Note that when the time scale on which J,(k,?), J,(k,1),
and J,, (k,t) decay to zero is shorter than that of the functions
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Gij(k,t), the z dependence of the transport coefficients z, (k,z),
z¢(k,z), and z4,(k,z) can be neglected. As a consequence, we
obtain

za(k)z/ dt Js(k,t1), (B16)
0

zq(k):/0 dt Jy(k,1), B17)

2o (k) = / dt Jpo (ki) + i (bs(O| L 1bs(k) . (BIB)
0

This approximation is equivalent to assuming that a
transport coefficient, which must go to zero when w — oo,
has a flat behavior in the low-w range, in which the spectra
of the fundamental functions G;;(k,?) decay to zero, so that
it is possible to use the w = 0 value for this coefficient in
Egs. (B10)—~(B11). This approximation, expressed equivalently
in the time regime, is usually referred to as the Markov
assumption (see also Ref. [4], p. 969).

APPENDIX C: CORRELATION FUNCTIONS
CALCULATED FROM TRANSPORT PARAMETERS

According to Egs. (2.24), the éml(k,z) are calculated as a
function of the three generalized parameters z4(k,2), zr(k,z2),
and A(k,z),

ifun(k)[Z + ZT(k 2)]

Gia(k,z) = D2 , (CDhH
Ga(k,z2)
_ Jun(k) zg(k,2)[z + zr(k,2)] + Alk,2) fur(k.2)
Suo (k) D(k,z) '
(C2)
~ lfun(k){fuT(k)[Z + ZT(k Z)] - quT(k Z)}
Gis(k,z) =
Srq(k)D(k,z)
(C3)
Gn(k,z) = fun(k)GIZ(k ,2)
2l —zGyi(k,2)] _dz+ ZT(k,Z)]’ (c4)
fun(k)2 D(k,Z)
~ quT(k Z)
Gau(k,z) = fun(k)G13(k ,2) = W (&)
Gok.2) = ﬁm(k)GM(k 2)
- iz 2¢(k, )z + zr(k,2)] + Ak, z)fuT(k Z)
Jus(K)D(k,2) ’
(Co)
Gas(k,z) = = (k)Gls(k 2)
2 fur®lz+ k)] = 2furtk.2)
Srq(k) D(k,z) ’
(C7)
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A(k,Z)[Zz + fun(k)z] - ZZ¢(ksZ)fuT(k)

Ga(k,2) = fuo(k)D(k,z)

(G

iG3s(k,z)
_ 2r (kD2 fun k) + 224 (k. D]+ 2AK.2) fur (k, 2.
B frq(k)D(k,z)

(C9)
fuo (k) D(k,2)Gaa(k,2)
= 225k, 2)[2* + funk)* + fur (k)]
22+ funbllzgk.D)zr (k,2) + Ak,2)*],  (C10)
fuo®) fra()D(k,2)Gus(k.2)
= izAGk D + [ + fur(k)*]
+izfur(®lzp(k,zrk.2) + Atk,2)*],  (CL1)
frq()*D(k,2)Gss(k.2)
= 221k D2 + fun®)* + fur (k)]
+ 2% [zg(k.2)zr(k,2) + Alk,2)*], (C12)
where
D(k,z) = z[z + zr(k, )]z + z4(k,2)]
+ Pz + zr (kD)1 + 2 far(k,2)?. (C13)

The symmetry property Gumi(k,z) = 51,,,(1(,5) and
Egs. (2.16)—~(2.18) define the remaining elements G;i(k,z),
G13(k,z), and G33(k,z). Apart from the functions G2(k,z)
and Gx(k,z) easily connected to Gy(k,z) and the functions
G23(k 2), G24(k z), and G25(k z) that can readily be obtained
from the functions G13(k 2), G14(k 7), and G5(k,z), the other
ten functions may be divided into the following three groups:
the three fundamental functions Gyi(k,z), Gi3(k,z), and
G33(k,z), the four intermediate functions G14(k,z), G15(k,2),
G34(k z), and G35(k z) that involve only one second time
derivative of a; and a3, and the three functions G44(k 2),
G45(k z), and G55(k z) that involve two second time
derivatives of a, and as. These three groups can be considered
as corresponding to low, intermediate, and high order in
frequency, respectively.

APPENDIX D: TRANSPORT PARAMETERS AND
INTERMEDIATE AND HIGH FREQUENCY ORDER CF’S

In this appendix, we explore the possibility of defining
the transport properties by means of intermediate or high
frequency order cf’s according to the scheme outlined in the
previous appendix. Note that

Cutka) _ Gulked) i o
Gutka)  Guka)  fu® "
i fur(k,2)
— k D1
7o e ey O
and
Gas(k,z2) i
~ = — k, — A(k,
Gt~ Fri D qu(k> 2
2far(k,2)

. D2
“ 2 S + 229K 2)] (b2)
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From these two equations and Egs. (2.26) and (2.27), it is
possible to obtain an alternative definition of generalized
longitudinal viscosity and thermal conductivity,

Knp(k,z
knotkz) _ 25(k,2)

_ fm(k)G”(k z)+A(k,z)z~Gls(k,z)’ (D3)

Gn(k,2) Sun(k) G (k,z2)
Ka(k,2)M
iy~
ik )G';s(k 2 Ak,2) 2G13(k.2)
T Gskz)  funlk) Gazlhenz)

(D4)
_By means of two additional intermediate order functions
[G3a(k,z) and Gos(k,z)], we can write
A(k,z)
Jun(K) fuo (k)
_ Su®Gnk,2)Gak,2) — i2G13(k,2)Gn(k.2)
Fun(R2G(k.2)G33(k.2) + 22G13(k.2)?

’

(D5)
Ak,z)
Fun(k) frq (k)

_ Fun(0Gas(k,2)Ga3(k,2) — izG13(k,2)G3s(k.2)

© fu®2Gn(k,0)Gxk.2) + 22G a2

(D6)

The above relation can be exploited to eliminate G 13(k,2),
so that, replacing the value of A(k,z) into Egs. (D3) and (D4),
it turns out that only six 1ntermed1ate to low-order functions
G, j(k,z) [constructed by nine Fj;(k,t) cf’s, only three of
them independent] are required to obtain 2¢(k,z), zr(k,z), and
A(k,z). Hence,

2G13(k,2)
Fun(k)

_ Ni3(k,z)
Dy3(k,z)

(D7)

and
A(k,z)
Juo (k) frq(k)
Gzz(k )Gk, 2)G35(k,2) — Ga3(k,2)Ga(k,2)Gos (k, Z)

G(k,2)G33(k,2) D3k, 2)? — Ni3(k,z)?
(D8)
In Egs. (D7) and (D8), we have defined
Ni3(k.2) = frq(k)G33(k,2)Gas(k.2)
— fuo(0)Goa(k,2)Ga(k,2) (D9)
and
Disk.2) = frq(k)Gask,2) = fus(k)Goalk,z).  (D10)

Moreover, Eq. (D6) shows that the first term of Eq. (D3)
is sufficient to describe the dependence of the longitudinal
component (m = 4) of the stress tensor. In fact, Eq. (D6) does
not depend explicitly on this component, so that A(k,z) and the
second term of Eq. (D3) do not depend on the stress tensor. In
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conclusion, to generalize the longitudinal component (zz) of
the stress tensor with another component such as xx or yy, as
in the case of a generalized definition of bulk viscosity, only the
first term of Eq. (D3) is necessary. It is also possible to obtain
the three generalized quantities (as detailed in Ref. [13]) only
employing intermediate and higher order functions. We have

z2p(k.2)  Gaalk,2)D3s(k,2) + i fry(0)Gas(k,2)Galk, 2]
fuo k) Dy(k.z)
(D11)
zr(k,2)  Gss(k,2)Da(k.2) + i fuo (K)Gus(k,2)Gos(k, 2]
frat?* Dy (k,z)
(D12)
Ak,z)
fuo () frq(k)
qu(k)G34(k 2)Gss(k,z) — i Gas(k,2)D3s(k, Z)
Dy(k,2)
(D13)
Ak,z)
fuo () frq(k)
fua(k)st(k DG aak.z) — i Gas(k.z) Dok, Z)
Dy(k,2)
(D14)
where
Dy (k,z) = Dss(k,z)Da4(k,z)
— Fuo () frq()G34(k,2)Gos(k,2),  (DIS)
Da(k,2) = 1 — i fuo(K)Gaa(k,2), (D16)
D3s(k,2) = 1 — i frq(k)Gs(k,2). (D17)

Equations (D3) and (D14) being equal implies
Gus(k,2)

qu(k)Gs4(k 2)Gss(k,z) —
qu(k)G35(k 7)) —

fuo ()G as5(k,2)G 4a(k,2)
fua(k)G24(k,Z)

(D18)
so that Egs. (D3) and (D14) become
. Gisk,z)  Goalk,2)
A(k, - D;(k,
PAC Z)[ Fuo ) qu(k)] 1(k2)
= frg()G3a(k,2)Gs5(k,2) Daa(k,2)
— fuo (k) Gas(k,2) G 4a(k,2) D3s(k,2) (D19)
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and the cf’s required to calculate the three parameters
z¢(k,2), zr(k,z), and A(k,z) are just six G;;(k,z) [constructed
by eleven Fj;(k,t) cf’s, only three of them independent].
It is worth noting that the simpler definitions are more
convenient at low frequency, while the latter definitions are
more accurate at high frequency. The second intermediate
definitions (D3)—(D7) have the great advantage of allowing
an easy generalization of bulk viscosity. Finally, we will
calculate the three coefficients z,, (k,z), Zq(k 2), andzqa(k z) by
means of the three higher-order functions G44(k 2), Gs (k,z),
and G55(k z), as opposed to the calculation of z,(k,z),
zr(k,z), and A(k,z) by means of the three lower-order
functions G”(k z) [or Gzz(k 2], G13(k 7), and G33(k 2).
The latter three functions are, as that of the lower fre-
quency order, independent and sufficient to invert the cal-
culation. Unlike what was shown in Sec. IID, the re-
sults for z,(k,z), z4(k,z), and z,4,(k,z) are much simpler
than that for zg(k,z), zr(k,z), and A(k,z). In fact, we
obtain

Gss(k,z) 2 fuo (k)?
o k’ == - 9
etk = ) T 2 kP + fur (07
(D20)
Gas(k,2) (22 + fun(k)?] frq(k)?
k,2) = — ,
etk = D At S kP + fur (7]
(D21)
_ ié45(k,Z) fmr(k) qu(k) fuT(k)
ek = k) T2t fn P+ furty PP
with
Dys(k,z) = Gss(k.2)Gag(k,z) — Gus(k,2)>.  (D23)

Note that in Egs. (D20) and (D21), the terms on the
rhs are purely imaginary, and as a consequence the real
part of z5(k,z) and z,(k,z) is obtained by only the first
corresponding term. This simplification is compensated by
a_more complicated calculation of Gu4(k,z),Gss(k,z), and
Gys(k,z), in fact, by = Ugray + Ugzaz + Uggay and bs =
Usyap + Ussas [see Egs. (2.12)] and, as a consequence,
twelve instead of three Fj;(k,t) cf’s are necessary for
this calculation, even if only three are 1ndependent More-
over, if Gas(k, 2)2 <« Gss(k, Z)G44(k ), we obtain z/ (k,z) =
1/Gaa(k.2) and z,(k.2) = 1/Gss(k,2). Finally, from Eq. (D2)
we may remark that for @ — 0, the right term is always
positive, but the first term is not zero, even if both G45(k z) and
Gss(k,z), unlike G44(k 2), go to zero [see Egs. (C10)—(C13)].
This is a consequence of the ratio G45(k z) /Gss(k,z), which
is not zero in the same limit.
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