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Shear viscosity 7 is calculated for the nuclear matter described as a system of interacting nucleons with the
van der Waals (VDW) equation of state. The Boltzmann-Vlasov kinetic equation is solved in terms of the plane
waves of the collective overdamped motion. In the frequent-collision regime, the shear viscosity depends on the
particle-number density n through the mean-field parameter a, which describes attractive forces in the VDW
equation. In the temperature region 7 = 15-40 MeV, a ratio of the shear viscosity to the entropy density s is
smaller than 1 at the nucleon number density n = (0.5-1.5) n,,, where n; = 0.16 fm~3 is the particle density of
equilibrium nuclear matter at zero temperature. A minimum of the 7/s ratio takes place somewhere in a vicinity
of the critical point of the VDW system. Large values of n/s > 1 are, however, found in both the low-density,
n < ng, and high-density, n > 2n,, regions. This makes the ideal hydrodynamic approach inapplicable for these

densities.
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I. INTRODUCTION

The shear viscosity n and its ratio to the entropy density
s became recently attractive (see, e.g., Refs. [1-4] and
references therein) in connection with a development of the
hydrodynamic approach to the relativistic nucleus-nucleus
collisions. Chapman and Enskog (CE) obtained [5—10] the
shear viscosity 1 in a gas of nonrelativistic particles by using
the Boltzmann kinetic equation (BKE) for the phase-space
distribution function f(r,p,?), where r and p are the particle
coordinate and momentum, respectively, and ¢ denotes the time
variable.

The BKE was solved within the frequent-collision (FC)
regime for which one can use a perturbation expansion in a
small parameter, e.g., /v, where v is the collision frequency
and w measures the characteristic dynamical variations of the
distribution function §f(r,p,?). In this case the Boltzmann
integral collision term is dominant as compared to other
collisionless terms. For their calculations the local-equilibrium
distribution function fi.. was used in a standard form in terms
of the evolution of particle-number density n(r,t), temperature
T(r,t), and collective velocity u(r,?). The hydrodynamic
variables n(r,t) and u(r,7) are defined as the zero and first
moments of the distribution function in the momentum space.
Thus, the evolution derivative of the distribution function,
df/dt, as one of the local equilibrium distribution, dfi . /dt, in
solving the BKE at the first order in w/v can be decomposed
into terms proportional to that of n(r,t), T(r,t), and u(r,?).
Using then the standard closed system of hydrodynamical
equations and condition §7 = 0, one obtains [5,8—10] the
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expression for the shear viscosity 1. For a gas of elastic
scattering balls with the diameter d, at the first approximation
in w/v, one finds [5]

5 mT !
Ncg = 16 \/E 22 (1)
where m is the particle mass. The shear viscosity 7 appears
to be independent of the particle-number density n because, at
the first order in small parameter w /v, the attractive interaction
on large distances between particles was neglected to simplify
the CE viscosity calculations.

Extensions of the CE method to the relativistic high energy-
density problems are given in Refs. [3,11]. In particular,
Eq. (1) was reproduced in the nonrelativistic limit within the
CE approach in Ref. [3]. The mixture of different hadron
species was considered in Ref. [12]. Several investigations
were devoted to go beyond the hydrodynamical approach
[5]; see, e.g., Refs. [13-28]. In contrast to the CE approach,
the main problem solved in these works was to take into
account a self-consistent mean field in calculations of the
viscosity of Fermi liquids within the Landau quasiparticle
theory.

In the present paper, we use the Boltzmann-Vlasov kinetic
equation (BVKE) for a system of interacting nucleons with
the van der Waals (VDW) equation of state. Therefore, both
scattering of particles owing to the hard-core repulsions and
Vlasov self-consistent mean field, owing to the VDW attractive
interaction, are taken into account in solving the BVKE.

In our consideration, the small dynamical variations §f are
found from a linearized BVKE in the simplified form,

5f(r,p,t) = f(r7p9t) - ﬁ)(p)’ (2)

©2016 American Physical Society


https://doi.org/10.1103/PhysRevC.94.054620

MAGNER, GORENSTEIN, GRYGORIEV, AND PLUJKO

where f,(p) is the static global-equilibrium distribution
function

n p?
Solp) = CmnTyR P <_2m_T> 3)

The function f,(p) (3) is taken in the Maxwell form with con-
stant values of T and n and zero value of the collective velocity,
u = 0. The damping plane wave (DPW) solutions are assumed
to be a good approximation to the dynamical variations §f
at finite frequencies w within the FC regime (large-enough
collision frequency v). These dynamical deviations allow us to
take into account analytically the attractive VDW interactions
through the self-consistent Vlasov mean field in the BVKE.
As a result, we obtain the shear viscosity dependence on the
particle number density at the leading order in a small parame-
ter w/v. The overdamped (see, e.g., Refs. [18,28]) attenuation
of the DPW will be considered. Our approach is based on
the methods applied earlier for calculations of the viscosity of
the Fermi liquids [13,14,16,17,28]. In the present paper, the
shear viscosity in the first order over small parameter w/v is
calculated analytically for the nuclear matter considered as a
gas of interacting nucleons with the VDW equation of state.

The paper is organized as follows. In Sec. II we remind the
basic properties of thermodynamically equilibrated systems
with the VDW equation of state. In Sec. III we outlook
the kinetic approach based on the BVKE and give general
definitions of the shear viscosity coefficient. In Sec. IV,
the solution to the BVKE and its perturbation expansion is
presented in terms of the plane waves accounting for a strong
attenuation owing to the particle collisions. Finally, this section
is devoted to the main results for the VDW viscosity. The
obtained results are discussed in Sec. V and summarized in
Sec. VI. Some details of our calculations can be found in
Appendixes A—C.

II. VDW EQUATION OF STATE

The VDW equation of state presents the system pressure P
in terms of the particle-number density n and temperature T
as [29],

nT )

P(T,n) = [ —bn an”, “)
where a > 0 and b > 0 are the VDW parameters that describe
attractive and repulsive interactions, respectively. The first
term on the right-hand side of Eq. (4) contains the excluded
volume correction (b = 2md?/3, with d being the particle
hard-core diameter), while the second term comes from the
mean-field description of attractive interactions.

The entropy density s and energy density ¢ for the VDW
system are calculated as [29]

B 3/2
s(T,n>=§n+n1n[(lnﬂg(mT> ] 5)

2

e(T,n) = n|:§T - an:|. (6)

In Eq. (5) m is the particle mass and g is the degeneracy factor
(g = 4 fornucleons; two spin and two isospin states). Note that

PHYSICAL REVIEW C 94, 054620 (2016)

the VDW entropy density (5) is independent of the attractive
mean-field interaction parameter a, whereas the energy density
(6) does not depend on the particle repulsion constant b.

The VDW equation of state contains the first-order liquid-
gas phase transition with a critical point [29]:

8a 1 a

= — c = —, Pc = —, 7
=3 27b? @

c

27b°

To study the phase coexistence region which exists below the
critical temperature, T < T,, the VDW isotherms should be
corrected by the well-known Maxwell construction of equal
areas.

The VDW equation of state was recently applied to a
description of nuclear matter in Ref. [30]. In the present study
we fix the VDW parameters for the system of interacting
nucleons as d = 1 fm, i.e, b = 2.1 fm’, and @ = 100 MeV
fm?. This gives n. = ng=0.16 fm™> and T, = 14 MeV
(no = 0.16 fm™3 corresponds to the nucleon number density
of the normal nuclear matter at zero temperature). In what
follows we restrict our analysis of the kinetic properties of the
VDW system of nucleons to 7 > T. In this region of the phase
diagram the VDW equation of state describes a homogeneous
one-phase system, and all criteria of the thermodynamical sta-
bility are satisfied. We do not consider too large temperatures
by taking 7 < 40 MeV. This allows us to neglect a production
of new particles (pions and baryonic resonances) in the system
of interacting nucleons. In addition, this restriction guarantees
a good accuracy of the nonrelativistic approximation adopted
in the present study. Note also that at 7 — 0 the quantum
statistics effects neglected in the present study should be taken
into account (see Ref. [30]).

III. KINETIC APPROACH

For calculations of the shear viscosity, we start with the
BVKE linearized near the static distribution function (3) for
the dynamical variations of the distribution function § f (r,p,?)

2):

09f B OSF _ofo DU _

—— =48t ®)
ot m or ap Or

The dynamical part of the attractive potential §U from the
VDW forces is defined self-consistently as

SU®L) = —a / dpsf(r,p.1). )

In Eq. (8), the collision term &St is taken in the standard
Boltzmann form [5,8],

27
351 =" / dpyIp: — pl / pdps0.  (10)
where
50 ~ fy(PIFEBLD + fy(PSFED.D)
RSP — fo(pSfEp) (1)

is the variation of f(r,p’,?)f(r,p},t) — f(r,p,t) f(r,p:,1)
over §f and B the impact parameter for two-body collisions.
Figure 1 shows the collision geometry for two hard-core sphere
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FIG. 1. The geometry of the collision of two hard spheres in
the center mass system; q =p; —p, q =p, —p, 00, =d, d is
the sphere particle diameter, 8 is the impact parameter; 6, is the
scattering angle.

scattering in the center-of-mass coordinates. The relationship
between the impact parameter, B8, and the cross section,
o = md?, where d is the diameter of the particle, is given
in Appendix A for calculations of the integral term (10).

The shear viscosity 1 can be defined through the dynamical
components of the momentum flux tensor IT,,, (r,1),

811, = =80y, + 8P 8,, + 8P 6,,, (12)

where §o,, is a traceless stress tensor. Other terms are diagonal
kinetic and interaction pressures. The stress tensor §o,,, can be
determined through the second p moment of the distribution
function linearized over §f as

dp
80, = —/;pupv(Sf(l‘,p,t)—l—ﬁ'PS/w. (13)

In Eq. (12), the quantities P and § P are calculated as

1
P = — f p*dpsf(r,p,1), (14)
3m

SP = —2an/dp8f(r,p,t). (15)

The shear viscosity 7 is defined as a coefficient in the relation-
ship between the dynamical component of the stress tensor
80, [Eq. (12)] and the traceless tensor U, of the coordinate
derivatives of the velocity field u(r,?) [10,14,15,17,31],

SO'MV(I',I) = T}ul“)(r,t), (16)
where
u Ju 2
U,y = ® Y —ZvVus,, ). 17
" <arv+arﬂ 3““) a7

The velocity field u is defined through the first p moment of
8f(r,p.0),

u= l/dpgéf(r,p,t). (18)
n m
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Note that our method can also be presented within the linear
response-function theory [15,28,32] (cf. the Kubo formulas
for the diffusion, thermal conductivity, and viscosity; see also
the recent article [33]).

IV. DISPERSION RELATION AND VISCOSITY

We suggest to calculate the shear viscosity n by directly
solving the BVKE (8) in terms of the plane-wave repre-
sentation for the dynamical distribution-function variations
8f(r,p,t) [Eq. (2)] in the following rather general form
[14,17,28],

8f(r,p,t) = fo(p)e(p)exp(—iwt + ikr), (19)

where w and k are a frequency and a wave vector of the DPW,
respectively. As unknown yet, amplitudes ¢(p) are functions
of the momentum angle variable p = p/p. It is naturally
to find solutions of the BVKE as proportional to the static
distribution function, f;(p), specifying the dependence of §f
on the modulus of momentum p because the derivative of f,(p)
(3) over momentum in Eq. (8) and the variations of the collision
integral (10) are proportional to f,(p). Then, one can reduce
the problem for solving the BVKE (8) to a function of angles
@(p) which, however, depends on the unknown frequency w.
[We shall leave out the argument w in ¢(p) for simplicity of
the notations.] Note that any physical quantity, in particular
the viscosity coefficient, is independent of the direction of the
unit wave vector k = k/k of the DPW spreading in infinite
nuclear matter. Therefore, it is convenient to use the spherical
phase-space coordinate system with the polar axis directed
to this vector k. The solution for the plane-wave distribution
function 8 f (r,p,?) [Eq. (19)], or more precisely ¢(p), and the
frequency w depends only on the wave vector length k. For
convenience, one may write the frequency w through the wave
number k and the dimensionless sound velocity c,

o = kv = kvyc, (20)
where v = v;c is the DPW speed, and ¢ its dimensionless
value given in units of the most probable thermal velocity v,
of particles at a given temperature T, v, = /2T /m.

The viscosity n is related to an attenuation of the DPW
(19) measured by the collision term §St (10). Following
Refs. [5,8,9,14], one applies the perturbation expansion of

the dynamical distribution-function variations § f through their
amplitudes ¢(p),

o) = ¢ V(P) +eeV(P)+ PP+ 2D
and similarly, in addition to Ref. [5], for the frequency w,
w=09+ecoV + 20?4+ ..., 22)
in a small parameter,

€ =w/v=owrt. 23)
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Here, 7 is the relaxation time' defined by the collision term
through the time-dependent rate v (collision frequency) of the
damping of distribution function §f,

T =1/v. (24)

Expansions (21) and (22) are defined within the standard
perturbation method [8,14,28,34] for the eigenfunction, ¢(p),
and eigenvalue, w, problem. In these perturbation expansions,
the coefficients ¢ (p) and ™ are assumed to be independent
of €. By using the BVKE with this perturbation method, they
can be found at each order of €. Note that » in the definition
of the small parameter € (23) is determined consistently at any
given order of the perturbation expansions (21) and (22); see
Appendix B for details. A smallness of € can be achieved by
increasing the collision frequency v for a given w (Appendix
A). Substituting the plane-wave representation (19) for the
distribution function §f into the BVKE (8), for convenience,
one can also expand ¢(p) in series over the spherical harmonics
Yoo(P),
p-k

o) =0, Yeolp). p=—. (25)
=0 pk

This reduces the integro-differential BVKE to much more
simple linear algebraic equations (B1) for the partial multipole
amplitudes ¢, at each order in € [Eq. (23) and Appendix B].

As shown in Appendixes A and B, in the FC regime, |¢| < 1
[Eg. (23)], one can truncate the multipole expansion (25) over £
at £ = 2 because of a good convergence in the small parameter
€. At this leading approximation to viscosity calculations, for
the collision term §St [Eq. (10)], one obtains (Appendix A)
the simple expression

88t = —véf,(r,p,1), (26)
where
3
VA ”’;TU, o =nd, 7

o is the cross section for a two elastic hard-core sphere
scattering, as introduced above,

3fo(r,p,t) = fo(p)@,Yoo(p) exp(—iwt + iKr). (28)

As shown in Appendix A, within the accuracy about 6%,
this value agrees with its mean effective quantity v,, (A18),
evaluated through the momentum average of the collision term,
(6St)ay, over particle momenta p with the help of the Maxwell
distribution f,(p) (3). Multiplying then the BVKE (8), with
the quadrupole collisional term (26), by the spherical function
Yro(p) (L =0,1,2,...), one can integrate the BVKE term by
term over angles (p) of the momentum p. Thus, one obtains the
linear homogeneous equations (B 1) with respect to coefficients
¢, of the expansion (25) in the plane-wave amplitudes ¢(p) at
any order in € in Egs. (21) and (22). This system has nontrivial
solutions in the quadrupole approximation ¢ < 2, valid at the

"We do no not use the standard t approximation and introduce the
relaxation time t for sake of the convenience in comparison with
other approaches.
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leading (linear in €) approximation in expansions (21) and
(22). They obey the cubic dispersion equation for ¢ = w/(kv;)
(expansion of c is similar to Eq. (22); see also Appendix B),

4 1
detd, = S +iyc? — c|:1_5 + 5(1 — }‘)}

—%(l - F)y =0, (29)

where F is the dimensionless VDW interaction parameter,
F=an/T. 30)

The truncated (at £ =2) 3 x 3 matrix .A(Lzl)(c) is given by
Eq. (B4). For convenience, we introduced also the dimen-
sionless collisional rate (27):

% ve c
Y= —=—. 31)
vy w T
The FC perturbation parameter € [Eq. (23)] can be expressed
in terms of the y and ¢ as

lc/y| < 1. 32)

The cubic dispersion equation (29) has still two limit solutions
with respect to the complex velocity, ¢ = ¢, + ic; for real k
(or equivalently, a complex wave number k = k, + ik; for a
real velocity ¢, bothrelated by the same w = kcv, = w, + iw;,
where low subscripts denote the real and imaginary parts). One
of them can be called as the underdamped (weakly damped)
first sound mode for which the imaginary part of ¢, ¢;, is
much smaller than the real one c,, |c;/c,| < 1, while in the
opposite case |c;/c,| >> 1, one has the overdamped motion. In
the first underdamped sound case (|c;/c,| < 1), the collision
term can be considered as small with respect to the left-hand
side (LHS) of the BVKE, |y /c| ~ 1/|wt| < 1, thatis, the rare
collision (RC) regime. For the overdamped motion (FC case)
the collision term is dominant. In our DPW derivations below
one can use also the frequency expansion (22) over the same
small parameter |c/y| ~ |ot| < 1[Egs. (31) and (32)]. In the
present study we consider the overdamped motion, while the
underdamped case will be studied in separate publications.

Expanding the LHS of the truncated (quadrupole) disper-
sion equation (29) for ¢ in powers of € [see Egs. (23) and (32)]
in the FC perturbation expansions (21) and (22), one can divide
all of its terms by 3. Then, one can neglect the relatively small
cubic [(c/y)* ~ €3] and quadratic (~ €?) terms as compared
to the last two linear (in €) ones depending explicitly on the
interaction parameter F [Eq. (30)]. At this leading order, one
results in the explicit quadrupole solution for the velocity ¢
[Eq. (B7)],

€e=cly,

5i 1—F
91—5F/9"

To get small corrections of the real sound velocity c,, one
has to take into account the quadratic and cubic in ¢ terms
of the dispersion equation (29). Note that, formally, one can
consider the real DPW velocity ¢ but the complex wave number
k within the same complex frequency w, which are both
almost pure imaginary ones. The latter describes the sound
attenuation as the exponential decrease of the DPW amplitude,

(33)

c=ic; =
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8f o exp(—t/T) [Eq. (19)] with the damping time 7,

6 1-5F/9
T~ F/

N 34
57 (1 — Fynvyd? G

This time was obtained as the imaginary part of the complex
frequency, w = —i /7, through Eq. (33), formally introduced
above (finally, all physical quantities will be determined by
taking their real parts). Note also that the relaxation time
[Egs. (24) and (27)],

1 2
r=t~— (35)
v 3nvpmd?

differs from the damping time, 7 [Eq. (34)]. In particular, this
time 7, being of the order of 7, depends on the interaction
constant F. Note that the FC condition (32) can be satisfied
for the interaction parameter F of the order of one. However,
as shown below, one finds a reasonable result even in the limit
F — 0.

Using the DPW solutions (19) for § f of the BVKE (8), and
Egs. (C3) forU,, and (C5) for o,,, for the definition of the shear
viscosity 1 [Eq. (16)], one finds the FC expansions [(21) and
(22)] of n in powers of small € [see Eq. (23), and Appendixes
C and B]. As shown in Appendix C, the leading term of this
FC shear viscosity n at first order in € is approximately a
constant, independent of w (or k), and proportional to 1/v,
i.e., to the relaxation time t [Eq. (35)]. Finally, up to relatively
high (second) order terms in the small parameter ¢ we arrive

at
9 (1 San>\/mT_ 36 (1 5an>
"= 0y o7 ) a2 T spa\ o1 )i
S5an
= 1018( 1= 55 ) (36)

In these derivations we used, at the leading first order in e,
the quadrupole multipolarity truncation of rapidly converged
series (25); see Egs. (C8) for the amplitudes ¢, and (33) for the
sound velocity ¢ (¢ < 2) within the dispersion equation (29).
As seen from Eq. (36), within the present accuracy, the shear
viscosity 7 differs in 2% from the CE result ng [Eq. (1)] at
zero attractive mean field, a — 0. Note that a more exact CE
result is n = 1.016ncg (see Ref. [5], Chap. 12.1).

Formula (36) for the shear viscosity can be presented in a
more traditional way through the relaxation time 7 [Eq. (35)],

_27ﬁ< 5

n= 20 1-— §f)mnv%t. 37

This relationship, n o t, is typical for the FC regime, in
contrast to the rare collision one, 1 o 1/7, which should be
expected for the perturbation expansion at leading order in the
opposite small parameter 1/¢; see Refs. [14,16,17,28]. Note
that the perturbation method for the eigenfunctions ¢(p) (or ¢,,
Eq. (21) as in Ref. [5]), and in addition, eigenvalues w allows
us to obtain in a regular way high-order corrections in €. In
this way, one has to go beyond the quadrupole multipolarity
(¢ < 2) approximation, taking into account, consistently at a
given €, higher order terms, £ > 2, in expansion (25) for ¢(p).
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|
00 0.4

FIG. 2. Shear viscosity n [Eq. (36)] in the frequent-collision
regime in units of the CE value . [Eq. (1)] versus particle-number
density n in units of the normal density no = 0.16 fm~> of nuclear
matter; m = 938 MeV; d = | fm, a = 100 MeV fm”.

V. DISCUSSION OF THE RESULTS

Equation (36) for n has the same classical hydrodynamical
dependence on the temperature 7 and diameter d, 1
vmT /a?2 [cf. with Eq. (1)], because of using the FC approxi-
mation as in both the molecular kinetic theory [10] and the CE
approach [5]. In this approximation for the overdamped case
(Appendix B) the dominating contribution into the viscosity
yields from the collision term which mainly determines both
the classical hydrodynamical solutions (Ref. [5]) and our DPW
ones [Eq. (19)] for the distribution function to the BVKE.

S

T (MeV)

—
=}
)
9}
!\)4 |
=}
N
oy T

n/n,

FIG. 3. Contour plot for the ratio n/s of the DPW viscosity n
[Eq. (36)] to the entropy density s (5) in the n-T plane at g = 4 and
the same m, d, and a parameters as in Fig. 2.

054620-5



MAGNER, GORENSTEIN, GRYGORIEV, AND PLUJKO
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FIG. 4. Same as in Fig. 3 but for the ratio of the hydrodynamic
CE shear viscosity [Eq. (1)] to the entropy density [Eq. (5)].

Therefore, as expected, in the limita — 0 (F « 1), one finds
the number constant [in front of v/mT /d?; see Fig. 2 and
Eq. (36)] that approximately coincides within the accuracy
of 2% with the CE result (1). The difference between the
hydrodynamical (1) and overdamped DPW (36) viscosities in
the zero interaction constant limit should be, indeed, small as
compared to the leading collisional term.

Figure 2 shows the shear viscosity n [Eq. (36)] for a
few temperatures above the critical value T, [Eq. (7)]. From
Fig. 2, one can clearly see that the shear viscosity 7 differs
significantly from the classical hydrodynamical formula (1) by
the particle density dependence. It appears through the VDW
parameter F [Eq. (30)], owing to accounting for dynamical
variations of the mean-field interaction (9) in our derivations.
As displayed in this figure, the significant effects originate
by the Vlasov self-consistent attractive-interaction terms of
the BVKE. In our approach this is achieved by solving
the BVKE (8) in terms of the DPW nonlocal-equilibrium
distribution function §f [see Eq. (19)] and using, therefore,
the perturbation expansion (22) for the frequency w as a
solution of the dispersion equation, in addition to Eq. (21).
This is in contrast to the CE approach based on the dy-
namical local-equilibrium distribution-function variations and
hydrodynamical equations, used on the left-hand side of the
BVKE. The interaction term of the Boltzmann kinetic equation
containing U [Egs. (9)] is neglected in the CE method [5] as
compared to the integral collision term of the BVKE at the
leading first order in €. Therefore, there is no particle density
corrections to the shear viscosity in the CE approach at this
order. To obtain these corrections, we found another alternative
DPW solution (19) through the self-consistent interaction
term of the BVKE. Note also that with increasing attractive
interaction parameter a (@ > 0), one finds a linearly decreasing
viscosity 7 through the dimensionless parameter F.
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Figures 3 and 4 show the ratio, /s, of the viscosity 7 to
the entropy density s [Eq. (5)] given by Egs. (36) and (1),
respectively, in the n-T plane for temperatures 7 above the
critical value T, [Eq. (7)]. As seen from comparison of the two
overdamped viscosities in units of the entropy density in these
figures, the ratio n/s takes form of a minimum with values
n/s < 1 at densities (0.5-2)n,,, somewhere in a vicinity of the
critical point (T,n.). This minimum is significantly smaller
and moves to smaller temperatures in our DPW calculations
(Fig. 3) as compared to the CE ones (Fig. 4) though they
are both smaller than 1. Note also a weak sensitivity of these
properties depending of the size of the hard spheres d around
d = 1 fm for its deflections in about 20%. However, /s > 1
both at small (n < n,) and large (n 2 2n,) particle density,
which makes the ideal hydrodynamic approach inapplicable
for these densities. We should emphasize that the BVKE can
be applied for enough dilute system of particles where the
mean free path is large as compared to particles’ interaction
region (in our example, of the order of the size of particles d).
This gas condition should be satisfied for all desired densities.

VI. CONCLUSIONS

The shear viscosity of a nucleon gas is derived by solving
the BVKE for the FC regime with taking into account the
van der Waals interaction parameters for both the hard-elastic
sphere scattering and attractive mean-field interaction. The
viscosity n depends on the particle density n through the
dynamical mean-field forces measured by the VDW parameter,
an/ T, which is positive for the attractive long-distance mean-
field interaction. Therefore, the viscosity n decreases with the
interaction constanta > 0 through the VDW parameter 7. The
ratio of the FC viscosity to the entropy density, 1/s, as function
of the particle density » and temperature 7 is found to have a
minimum which is essentially smaller than one. The viscosity
is significantly smaller at this minimum, which moves to
smaller temperatures toward the critical temperature owing
to the long-distance interaction, as compared to the classical
hydrodynamical CE result. Our DPW viscosity calculations
have the same overdamped behavior (strong attenuation) such
that the collisional term is dominating above all of other
parts of the BVKE. Note that the viscosity coefficient can be
consider as a response (Ref. [15,28,32,35]) of the stress tensor
o, for the shear pressure on the velocity derivative tensor
U,v; see, e.g., Eq. (16). See also the Green’s-Kubo formula for
the shear viscosity, as for the conductivity coefficient [15,33].

Our results might be interesting for the kinetic and hydro-
dynamic studies of nucleus-nucleus collisions at laboratory
energies of a few hundreds MeV per nucleon. The ideal
hydrodynamics can be a fairly good approximation for a
system of the interacting nucleons in the region of n and T
that corresponds at least to /s < 1. However, the classical
hydrodynamical approach for both the dilute nucleon gas with
n < ng and the nuclear-dense matter with n 2 2no seems
to be rather questionable to use. As a different perturbation
theory has to be used in expansions over small wt for the FC
and small 1/(wt) in the RC regime, we should expect very
different dependencies of the viscosity (and other transport
coefficients) on the particle density n in these two opposite
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limits. For instance, the RC regime is important to study a
weak absorption of the DPW in the gas system with small
far-acting interactions, especially for ultrasonic absorption
[36,37]. Therefore, in the case when the contributions of
collisions into the BVKE dynamics are changed from the
dominant (small €) to almost collisionless process (small
1/€) with increasing DPW frequency for a given collision
frequency v, a transition from the FC to RC regimes should
be accounted beyond the classical hydrodynamical approach.
This can be realized for small n/n, and large n/s, in the
corresponding n-T regions of the phase diagram for analysis
of the nucleus-nucleus collisions. Our approach can be applied
to calculations of the thermal conductivity and diffusion
coefficients in nuclear physics, as well as those and viscosity
in nuclear astrophysics, and to study different phenomena in
the electron-ion plasma.
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APPENDIX A: COLLISION TERM CALCULATIONS

We shall neglect approximately an influence of the effective
potential U [n(r,t)] (9) of the long-range particle interaction
during a two-particle collision of hard-core sphere particles of
the gas in the FC regime. Using the multipole expansion (25)
of the amplitude factor ¢(p), one can simplify the linearized
collisional term, 65t [Egs. (10) and (19)], in the BVKE (8),

d2
58t = 1 ;xlfdpnpl _ p|fdsz,f

<{ fo(PD fo(PH[Yeo(P)) + Yeo(P)

— fo(p) fo(P)[Yeo(P1) + Yeo(P)1}, (A1)
where f,(p) is the static distribution function (3),
Xo = @, exp(—iwt + iKkr), (A2)

and ¢, is the £ coefficient in the expansion (25) for amplitudes
@(p). One finds the relationship between the impact parameter
B in the center-of-mass coordinate system (see Fig. 1) and the
scattering angle 6, (and Bdp to d2,,),

d &
B =cosOy/Dd. pdf = o—dQy = o~ sinbydb,dg,.

(A3)
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The Boltzmann collision term (A1) is defined in such a way
that its zero and first p moments have to be zero because
of the particle-number conservation (related to the continuity
equation), and momentum conservation,

p+p =p +p), (A4)

(associated with the momentum continuity equation) during
a two-body collision. We take also into account that the
distribution function (3) is located within a small momentum
interval (2mT)'/?. Within this range the momentum vectors
are approximately changed only by their direction angles,

p+p1~p+ B (A5)

and one can use also the kinetic-energy conservation equation,

p*+pi=p"?+pi% (A6)
Substituting Eq. (3) for the static distribution function,
fo(p), and using the conservation equations (A4)—(A6) in
Eq. (Al), one finds f,(p}) fo(p") = fo(p1) fo(p). Therefore,
from Eq. (A1), one obtains

d2
88t = EfO(P)XZ:Xz/dPHPI = plfo(p1)

x / A2 [Yi0(P) + Yeolp) — Yeo(h) — Yeo(P)].
(A7)

Thus, the collisional term (A1) ensures all necessary (particle
number, momentum, and energy) conservation laws. In par-
ticular, one can check that there is no £ = 0 and 1 terms in
the sum over ¢ of Eq. (A7). By that reason, because of zero
two first moments of the collision term 6 St (A7), there are no
contributions from (A7) into the continuity equation [zero p
moment of the Boltzmann equation (8)] and, explicitly, into
the momentum equation [the first p moment of (8)]. This term
8 St will affect only on the momentum flux tensor 811, (12)
through the solutions (19) for the distribution function 6 f [see,
e.g., Eq. (13)] in terms of the viscosity coefficients [Eq. (16)].

For the integration over p; in Eq. (A7), it is convenient to
use the system of the center of mass for a given two-body
collision, with the symmetry z axis directed along the relative
motion of projectile particle having the reduced mass (Fig. 1).
We transform the integral over p; to the relative momentum
q = p1 — p. Then, using the spherical-coordinate system with
the symmetry z axis directed along the vector q of the relative
motion of projectile particle (Fig. 1), dq = ¢’dg sin 0,d0,d g,
and (x; = cos 6,), one finds from (A7)

8St, = / d2,Y10(p)sSt(p)
2

7%d?
S fo(p) Y xev/ L + D€ + 1)
¢

4m

1 1 00 249
x/ deL(x)/ dxq/ q’dq expr}
-1 —1 0 2mT

1
« f dx'[Px)) + Pu(x) — Puir) — Pu)]. (AS)
-1
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Here, P;(cos6,) = [4m/(2¢ + ]2 Y,o(p) is the Legendre
polynomial of £ order, and several transformations of the angle
coordinates are performed:

X = cosf,, X1 =cos0,,,

(A9)

’r_ r_ ,
X = cosby, X =cos 9,,1.

Note that the integration over the azimuthal angle of the relative
momentum was taken from zero to 7 [13]. For the integration
over the modulus of the relative momentum ¢, for the fixed x
and x’, one can change the angle variables to functions of the
relative x,:

xXp=x1+x—x',
(A10)
xy=zvV2mTx,/p + x.

For the fixed x and x’ we integrate first analytically over
the variable z = q/p;, where p;, = +/2mT, and then over
xg4. Integrating then, e.g., the £ =2 term, 657 of Eq. (A8),
explicitly over remaining angles x and x’, one obtains

272

Sned®
88ty = ———prx2 fo(P) s (),

- (A11)

where
1 1 1
Is(p) = fo(P)/ dez(x)/ dx’/ dx,
-1 -1 -1

x / 2dzexpl—(z* + 2px,z/py)]
0
X[Py(zvV2mT x4/ p + 2x — x') + Pr(x")
—Py(zvV2mTx,/p + x) — Pa(x)]
= —Zn(2p2 + p%) erf<£> + dn

57 p p} pr)  573p;
p? 4n
xexp|—— ) = sJIs(p/pr),  (Al2)
Pr 57 pr
with the error function erf(y) = 2 f(; dzexp(—z%)/ /7,
2
Y+ 172 1
Tsi(y) = ———erf(y) + N exp(—y*). y=p/pr
(A13)

To reduce the BVKE to the perturbation eigenvalue problem
[Egs. (21) and (22)] for the eigenfunctions ¢(p) and eigen-
values ¢ = w/(kv;) as solutions of the linear homogeneous
equations for ¢(p), and dispersion equation for ¢ (Appendix
B), we may derive now the accurate constant (independent
of y) approximations to the function Js,(y) [Egs. (A13)].
Using these approximations, one obtains Eqgs. (26) with (27)
for the collision term §St (A8). Indeed, we may note that for
the derivation of such approximations the collision term St
[Eq. (A7)] can be considered through all of its p moments.
They are integrals over the modulus p, which are taken up to
the constant from the product of Js,(p) [Eq. (A13)] and the
power p* at A > 2, in addition to the Maxwell distribution

PHYSICAL REVIEW C 94, 054620 (2016)

FIG. 5. Integral y* 75 (y) [Eq. (A13), solid] vs y for powers A =
2 (red), 3 (blue), and 4 (black); dashed lines show those with the
corresponding asymptotics [Eq. (A15)] up to fourth order.

function fy(p),

oo [e.¢]
| st o [ antgminorn. a4
0 0
Figure 5 shows a fast convergence of the product y* Js:(y)
[Eq. (A13)] of the integrand in Eq. (A14) to its asymptotics at
large y in powers of 1/y taking enough many terms,

1 1
I =y+—+ 0(;) y> 1, (A15)

2y
up to fourth-order terms for all y values owing to the power
factor p* (A > 2). Evaluating a smooth asymptotical function
Js: () (A15) with respect to the Maxwell distribution function
Jfo(yp) at the maximum contribution into the integrals (A14)
at y ~ 1 (p ~ p;), one obtains approximately the damping
rate v of the collisional term (27):
3nnv,pd?
y

Note that the second exponent term in Eq. (A13) for Js, was
exactly canceled by the second term of the error function
expansion, that leads to a good relative accuracy (about 6%)
after neglecting terms of the order of 1/y* in asymptotics
(A15).

This accuracy can be checked by comparison of (A16)
with calculations of the exact function Jg,(y), and its average
(Js1(y))ay over y with the static distribution f, (3),

(Fa) Jo Y dyTs\fe») _ [8
Ky = = —_
e o~ y2dyfy(y) 7
Calculating v traditionally [13,19,27] through the averaged
value (A17) of the collision term [or Js,(y) (A13)] over all

momenta p (or y), one obtains

v =nvyo Je(l) = (A16)

(A17)

VR (V)ay = V30 (Tst(V))av

~ /8/m m nvpd®. (A18)

Thus, both approximations for v, Eqs. (27) and (A18), are
almost the same within a good relative precision mentioned
above.
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APPENDIX B: DERIVATIONS OF DISPERSION EQUATION

To derive the dispersion equation (29) for the ratio ¢ =
w/(kv;) with respect to ¢ in the FC regime, one may specify
a small perturbation parameter € [Eq. (23)] in perturbation
expansion for ¢(p) [Eqgs. (21) and (22)]. Then, in the FC
regime (small €), one can truncate the expansion of ¢(p) (25)
over spherical functions Y(p) in the plane-wave distribution
function 6f (19) at the quadrupole value of £, £ < 2, because
of a fast convergence of the sum (25) over £ [14]. Substituting
the plane-wave solution (19) with the multipole expansion
(25) for p(p) in 6f into the BVKE (8), after simple algebraic
transformations, one finally arrives (within the same approxi-
mations used in Appendix A) at the following linear equations

(L=0,1,2,...)for ¢,:
D Au(e)p, =0, ¢ =o/(kvy), (B1)
¢
where
A (c)=¢s,,—C +]:5 8
re(€) =cop, (1L NG £10¢0
+iy8er (1 — 8e0)(1 — 8¢1), (B2)
4 R . .
Co = ?/deYLo(P)Ylo(P)Yzo(P)
204+ 1
VoL x1 T (Ceo 10) , (B3)

cLo 10.10 is the Clebsh-Gordan coefficients [38], and y is given
by Eq (31) (Appendix A). We multiplied the BVKE (8) by
Y;10(p), and integrated term by term over angles d <2, of the unit
momentum vector p in the spherical coordinate system with
the polar z axis along the unit wave vector k. The integrals can
be calculated explicitly by using the orthogonal properties of
spherical functions and Clebsh-Gordan techniques for calcula-
tions of a few spherical function products in the integrand. The
matrix Az, has a simple structure. At the diagonal, one finds
nonzero values Ay, depending on the sound velocity c. There
are also two L = £ £ 1 lines, parallel to the diagonal, above
and below it, with the nonzero number coefficients, depending
on the Clebsh-Gordan coefficients through Eq. (B3). They are
independent of the velocity ¢ and the dimensionless collisional
rate y . Other matrix elements are zero. The isotropic mean field
38U (9) influences, through the interaction constant F (30), on
only one matrix element, 4y = F/ V3= Co1,0- The damping
rate constant y related to the collision integral [Eq. (26)] are
placed only in the main diagonal Ay, at £ > 2, Ay = c+ iy
because of the conservation conditions, as explained above
(Appendix A). For the FC regime, because of large y, one
notes the convergence of the coefficients ¢, of the expansion
in multipolarities (25): Any ¢, at £ > 2 is smaller than ¢,_,
by factor 1/(c +iy) [14,17]. See more explicit expressions
for ratios of the amplitudes ¢, in Appendix C [Eq. (C8)] in the
case of the quadrupole truncation of the characteristic matrix
A. Truncating this matrix at the quadrupole value £ < 2 and
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L < 2, one obtains the simple 3 x 3 matrix

c —Ciip 0
A@ = | F/V/3 = Cor 4 —Can | (B4)
0 —C11;2 c+ i)/

with Cop.y = Cy10 = 1/+/3 and Cy1,y = Cy1p = 2/4/15. Ac-
counting for Eq. (31) for y, and explicit expressions for these
constants Cy;.1, (B3), in the quadrupole FC case, one obtains
the condition of existence of nonzero solutions [detA®(c) =
0] of linear equations (B1), that is the cubic equation (29) with
respect to c.

Substituting ¢ = ¢, + i¢; into the dispersion equation (29),
one can use the overdamped conditions within the FC regime,

le/yl=lot] <1, e/l < 1. (B5)

Then, at leading order one obtains (for y # 0)
~iFy ; ~F ~—iF =0, (B6)

where 7, =3/5 — F/3 and F, = (1 — F)/3, and y is given
by Eq. (31). Separating real and imaginary parts, at leading
order within the conditions (B5), one finds the overdamped
solution,

Fa

Ci=—=Y, (B7)

r=09
C, fl

that is identical to Eq. (33).

APPENDIX C: MOMENTS OF THE DISTRIBUTION
FUNCTION AND VISCOSITY

For the shear viscosity 1 [Eq. (16)], one has to calculate
the matrices U,,, [Eq. (17)] and 8o, [Eq. (13)]. Taking the
polar axis of the spherical coordinate system in the momentum
space along the unit wave vector k = k/k, we note that
these matrices are symmetric with zero nondiagonal terms,
and

Uy = yy — _% uzza (C1

1
Oxx = Oyy = —5 Oz (C2)

We find easy these relations using the symmetry arguments and
properties of the integrals of the plane-wave solution (19) for
8f over the angles d<2,, of vector p. Therefore, from Eqgs. (17),
(13), (19), and (25) one has to obtain only the simplest zz
components,

ou, 2 4
U, = 28_ - §Vu = 3zku exp(—iwt + ikr),
: (©3)
0,; = 0, exp(—iwt + iKr),
where
~ dp . v
i = / — pfo(P)e(p) = —= ¢,
nm n\/g
(C4)

o = / 42, Yoo P)e(p).
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and

- d .
G = — / P (3p2 = pA) fo(pe(p)

3m

Sy Ry A9, Yao(P)o(p
3 ?/.P Pfo(P)/ pY20(P)p(P)
nT

©,.
VS5 :

(C5)

We calculated explicitly the Gaussian-like integrals over p
using the static distribution function f, [Eq. (3)],

(Co)

o0 np’\_2 A+1
I = dpp’ T ’
2 /0 pp” fo(p) = 2732 (—2 )

where I'(x) is the I" function. Using the orthogonal properties
of the spherical functions and Egs. (C3), (C4), and (CS5), from

PHYSICAL REVIEW C 94, 054620 (2016)

Eq. (16), one arrives at

9w nTc g,

)’] = _

415 o ¢
So far we did not use a specific regime of collisions and
the truncated linear system of equations (B1). Solving these
equations (B1), one obtains

€N

o _ 1
@1 V3 ¢
) 2
L — (C8)
With these expressions, from Eq. (C7) one obtains
3T 1 nT
0 T+c/y) v
1 1 ~mT
e (C9)

T 5J2n L+c/ly) d

Substituting the overdamped solution for the sound velocity
[Eqg. (33)], from Eq. (C9) one obtains Eq. (36).
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