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Abstract

In this paper, explicit method of constructing approximations (the Triangle Entropy
Method) is developed for nonequilibrium problems. This method enables one to treat
any complicated nonlinear functionals that fit best the physics of a problem (such
as, for example, rates of processes) as new independent variables.

The work of the method is demonstrated on the Boltzmann’s—type kinetics. New
macroscopic variables are introduced (moments of the Boltzmann collision inte-
gral, or scattering rates). They are treated as independent variables rather than as
infinite moment series. This approach gives the complete account of rates of scat-
tering processes. Transport equations for scattering rates are obtained (the second
hydrodynamic chain), similar to the usual moment chain (the first hydrodynamic
chain). Various examples of the closure of the first, of the second, and of the mixed
hydrodynamic chains are considered for the hard sphere model. It is shown, in par-
ticular, that the complete account of scattering processes leads to a renormalization
of transport coefficients.

The method gives the explicit solution for the closure problem, provides thermo-
dynamic properties of reduced models, and can be applied to any kinetic equation
with a thermodynamic Lyapunov function.
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Introduction

In this paper, explicit method of constructing approximations (the Triangle
Entropy Method [1,2]) is developed for nonequilibrium problems of Boltz-
mann’s—type kinetics, i.e. when the standard moments of distribution function
become insufficient. This method enables one to treat any complicated non-
linear functionals that fit best the physics of a problem (such as, for example,
rates of processes) as new independent variables.

The method is applied to the problem of derivation of hydrodynamics from the
Boltzmann equation. New macroscopic variables are introduced (moments of
the Boltzmann collision integral, or scattering rates). They are treated as in-
dependent variables rather than as infinite moment series. This approach gives
the complete account of rates of scattering processes. Transport equations for
scattering rates are obtained (the second hydrodynamic chain), similar to the
usual moment chain (the first hydrodynamic chain).

Using the triangle entropy method, three different types of the macroscopic
description are considered. The first type involves only moments of distribution
functions, and results coincide with those of the Grad method in the Maximum
Entropy version. The second type of description involves only scattering rates.
Finally, the third type involves both the moments and the scattering rates (the
mixed description).

The second and the mixed hydrodynamics are sensitive to the choice of the
collision model. The second hydrodynamics is equivalent to the first hydrody-
namics only for Maxwell molecules, and the mixed hydrodynamics exists for
all other types of collision models.

Various examples of the closure of the first, of the second, and of the mixed
hydrodynamic chains are considered for the hard sphere model. It is shown,
in particular, that the complete account of scattering processes leads to a
renormalization of transport coefficients.

The method gives the explicit solution for the closure problem, provides ther-
modynamic properties of reduced models, and can be applied to any ki-
netic equation with a thermodynamic Lyapunov function, for example, to the
Fokker—Planck Equation.

Reduction of description for dissipative kinetics assumes (explicitly or implic-
itly) the following picture (Fig. 1a): There exists a manifold of slow motions
Qqow 1n the space of distributions. From the initial conditions the system goes
quickly in a small neighborhood of the manifold, and after that moves slowly
along it. The manifold of slow motion (slow manifold, for short) must be pos-
itively invariant: if a motion starts on the manifold at ¢y, then it stays on the



manifold at ¢ > ¢4. In some neighborhood of the slow manifold the directions of
fast motion could be defined. Of course, we mostly deal not with the invariant
slow manifold, but with some approximate (ansatz) slow manifold (2.

There are three basic problems in the model reduction:

(1) How to construct an approximate slow manifold;

(2) How to project the initial equation onto the constructed approximate
slow manifold, i.e. how to split motions into fast and slow;

(3) How to improve the constructed manifold and the projector in order to
make the manifold more invariant and the motion along it slower.

The first problem is often named “the closure problem”, and its solution is the
closure assumption; the second problem is “the projection problem”. Some-
times these problems are discussed and solved simultaneously (for example,
for the quasiequilibrium, or, which is the same, for MaxEnt closure assump-
tions [3-8]). Sometimes solution of the projection problem after construction
of the ansatz is delayed. The known case of such a problem gives us the Tamm-—
Mott-Smith approximation in the theory of shock waves (see, for example, [9]).
However if one has constructed the closure assumption which is at the same
time the invariant manifold [9,11,12], then the projection problem disappears,
because the vector field is always tangent to the invariant manifold. In this
paper, we would like to add several new tools to the collection of methods
for solving the closure problem. The second problem was discussed in Ref.
[10]. We do not discuss here the third main problem of model reduction: How
to improve the constructed manifold and the projector in order to make the
manifold more invariant and the motion along it more slow. This discussion
can be found in various works [9,11-14], and a broad review of the methods
for invariant manifolds construction was presented in Refs. [15,16].

Our standard example in this paper is the Boltzmann equation, but most of
the methods can be applied to an almost arbitrary kinetic equation with a
convex thermodynamic Lyapunov function. Let us discuss the initial kinetic
equation as an abstract ordinary differential equation?®,

dr _

= J(f), (1)

I Many of partial differential kinetic equations or integro-differential kinetic equa-
tions with suitable boundary conditions (or conditions at infinity) can be discussed
as abstract ordinary differential equations in appropriate space of functions. The
corresponding semigroup of shifts in time can be considered too. Sometimes, when
an essential theorem of existence and uniqueness of solution is not proven, it is pos-
sible to discuss a corresponding shift in time based on physical sense: the shift in
time for physical system should exist. Benefits from the latter approach are obvious
as well as its risk.
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Fig. 1. a) Fast—slow decomposition. Bold dashed line — slow invariant manifold; bold
line — approximate invariant manifold; several trajectories and relevant directions
of fast motion are presented schematically. b) The geometrical structures of model
reduction: U is the phase space, J(f) is the vector field of the system under con-
sideration: df/dt = J(f), Q is an ansatz manifold, T'; is the tangent space to the
manifold  at the point f, PJ(f) is the projection of the vector J(f) onto tangent
space T, A = (1 — P)J(f) is the defect of invariance, the affine subspace f + ker P
is the plain of fast motions, and A € ker P.

where f = f(q) is the distribution function, ¢ is the point in the particle’s
phase space (for the Boltzmann equation), or in the configuration space (for
the Fokker-Planck equation). This equation is defined in some domain U of a
vector space of admissible distributions E.

The dissipation properties of the system (1) are described by specifying the
entropy S, the distinguished Lyapunov function which monotonically increases
along solutions of equation (1). We assume that a concave functional S is
defined in U, such that it takes maximum in an interior point f* € U. This
point is termed the equilibrium.

For any dissipative system (1) under consideration in U, the derivative of S
due to equation (1) must be nonnegative,

ds

rrii (DsS)(I(f)) = 0, (2)

where DS is the linear functional, the differential of the entropy.

We always keep in mind the following picture (Fig. 1b). The vector field J(f)
generates the motion on the phase space U: df /dt = J(f). An ansatz manifold
() is given, it is the current approximation to the invariant manifold.

The projected vector field PJ(f) belongs to the tangent space T, and the
equation df/dt = PJ(f) describes the motion along the ansatz manifold €
(if the initial state belongs to ().

The choice of the projector P might be very important. There is a “duality”
between the accuracy of slow invariant manifold approximation and restric-
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Fig. 2. Parametrization by macroscopic variables: linear (a), nonlinear (b) and lay-
er-linear (c¢). Thin arrows illustrate the bijection M <« fj;. a) Moment parame-
trization in fast-slow decomposition. Dashed lines — the plains of constant value of
moments M. These plains coincide with directions of fast motion in the moment
approximation. b) Non-linear macroscopic parametrization in fast-slow decomposi-
tion. Dashed curves — the surfaces of constant value of macroscopic variables M.
Plains of fast motion are tangent to these surfaces. ¢) Nonlinear, but layer-linear
macroscopic parametrization in fast-slow decomposition. The surfaces of constant
value of macroscopic variables M (dashed lines) are plain, but the dependence m(f)
is nonlinear. Plains of fast motion coincide with these plains.

tions on the projector choice. If ) is an exactly invariant manifold, then the
vector field J(f) is tangent to €2, and all projectors give the same result. If
gives a good smooth approximation for such an invariant manifold, then the
set of admissible projectors is rather broad. On the other hand, there is the
unique choice of the projector applicable for every (arbitrary) ansatz 2 [9,10],
any other choice leads to violation of the Second Law in projected equations.

In the initial geometry of the fast—slow decomposition (Figs. 1a, 1b) the “slow
variables” (or “macroscopic variables”) are internal coordinates on the slow
manifold, or on its approximation €2. It is impossible, in general, to define these
macroscopic variables as functionals of f outside these manifolds. Moreover,
this definition cannot be unique.

The moment parametrization starts not from the manifold, but from the
macroscopic variables defined in the whole U (Fig. 2a), and for the given vari-
ables it is necessary to find the corresponding slow manifold. Usually, these
slow variables are linear functions (functionals), for example, hydrodynamic



fields (density, momentum density, and pressure) are moments of one-particle
distribution function f(x,v). The moment vector M is the value of the linear
operator m: M = m(f). The moments values serve as internal coordinates
on the (hypothetic) approximate slow manifold €. It means that points of
Q) are parameterized by M, Q = {fuy}, and the consistency condition holds:
m(fy) = M. In the example with the one-particle distribution function f
and the hydrodynamic fields m(f) it means that slow manifold consists of
distribution f(z,v) parameterized by their hydrodynamic fields. For a given
Q = {fu}, the moment equation has a very simple form:

dM

T m(J(fa)), (3)

and the corresponding equation for the projected motion on the manifold

Q={fu}is

df
ar = (Dufur)m(J(fumr)), (4)

where Dy far is the differential of the parametrization M — fy;.

How to find a manifold Q = { fy,} for a given moment parametrization? A good
initial approximation is the quasiequilibrium (or MaxEnt) approximations.
The basic idea is: in the fast motion the entropy should increase, hence, the
point of entropy maximum on the plane of rapid motion is not far from the
slow manifold (Fig. 1a). If the moments M are really slow variables, and don’t
change significantly during the rapid motion, then the manifold of conditional
entropy maxima fy;:

S(f) = max, m(f) = M (5)

can serve as the appropriate ansatz for slow manifold.

Most of the works on nonequilibrium thermodynamics deal with quasiequilib-
rium approximations and corrections to them, or with applications of these
approximations (with or without corrections). This viewpoint is not the only
possible but it proves very efficient for the construction of a variety of useful
models, approximations and equations, as well as methods to solve them. From
time to time it is discussed in the literature, who was the first to introduce
the quasiequilibrium approximations, and how to interpret them. At least a
part of the discussion is due to a different role the quasiequilibrium plays in
the entropy-conserving and the dissipative dynamics. The very first use of the
entropy maximization dates back to the classical work of G. W. Gibbs [18],
but it was first claimed for a principle of informational statistical thermo-
dynamics by E. T. Jaynes [3]. Probably the first explicit and systematic use



of quasiequilibria to derive dissipation from entropy-conserving systems was
undertaken by D. N. Zubarev. Recent detailed exposition is given in [4]. For
dissipative systems, the use of the quasiequilibrium to reduce description can
be traced to the works of H. Grad on the Boltzmann equation [19]. A review
of the informational statistical thermodynamics was presented in [20]. The
connection between entropy maximization and (nonlinear) Onsager relations
was also studied [21,22]. The viewpoint of the present authors was influenced
by the papers by L. I. Rozonoer and co-workers, in particular, [5-7]. A de-
tailed exposition of the quasiequilibrium approximation for Markov chains is
given in the book [17] (Chap. 3, Quasiequilibrium and entropy maximum, pp.
92-122), and for the BBGKY hierarchy in the paper [8]. The maximum en-
tropy principle was applied to the description the universal dependence the
three-particle distribution function F3 on the two-particle distribution func-
tion F3 in classical systems with binary interactions [23]. For a discussion the
quasiequilibrium moment closure hierarchies for the Boltzmann equation [6]
see the papers [1,2,24]. A very general discussion of the maximum entropy
principle with applications to dissipative kinetics is given in the review [25].
Recently the quasiequilibrium approximation with some further correction was
applied to description of rheology of polymer solutions [26,27] and of ferrofluids
28,29]. Quasiequilibrium approximations for quantum systems in the Wigner
representation [30,31] was discussed very recently [32].

Formally, for quasiequilibrium approximation the linearity of the map f —
m(f) is not necessary, and the optimization problem (5) could be studied for
nonlinear conditions m(f) = M (Fig. 2b). Nevertheless, the problem (5) with
nonlinear conditions loose many important properties caused by concavity of
S. The technical compromise is the problem with a nonlinear map m, but
linear restrictions m(f) = M. It is possible when preimages of points for the
map m are plain (Fig. 2¢). Such a “layer-linear” approximation for a generic
smooth map mg : f — M could be created as follows. Let €}y be a smooth
submanifold in U. In some vicinity of {2y we define a map m

m(f) = mo(fo) if (Dmo)y,(f — fo) =0, (6)

where fj are points from € and (Dmy)y, is the differential of my at the point
fo- This definition means that m(f) = mo(fo) if mo(f) coincides with mg(fo)
in the linear approximation. Eq. (6) defines a smooth layer—linear map m in
a vicinity of 2y under some general transversality condition. The layer-linear
parametrization was introduced in Ref. [34] for the construction of generalized
model equations for the Boltzmann kinetics.

Let us take €y as an initial approximation for the slow manifold. Two ba-
sic ways for its improvement are: (i) manifold correction and (ii) manifold
extension. On the first way we should find a shifted manifold that is better
approximate slow invariant manifold. The list of macroscopic variables remains



the same. On the second way we extend the list of macroscopic variables, and,
hence, extend the manifold €2y. The Chapman-Enskog method [33] gives the
example of manifold correction in the form of Taylor series expansion, the di-
rect Newton method gives better results [9,11,15,16,38]. The second way (the
extension) is the essence of EIT — extended irreversible thermodynamics [43].
This paper is focused on the manifold extensions also.

Usually moments are graduated in a natural order, by degree of polynomials:
concentration (zero order of velocity), average momentum density (first order),
kinetic energy (second order), stress tensor (second order), heat flux (third or-
der), etc. The normal logic of EIT is the extension of the list of variables by
addition of the next—orders irreducible moment tensors. But there is another
logic. In general, for the set of moments M that parametrizes €}y a time deriv-
ative is a known function of f: dM/dt = Fy(f). We propose to construct
new macroscopic variables from F,(f). It allows to achieve the best possible
approximation for dM/dt through extended variables. For this nonlinear vari-
ables we use the layer—linear approximation (6), ass well, as a layer—quadratic
approximation for the entropy. This (layer) linearization of the problem near
current approximation follows lessons of the Newton method — linearization
of an equation in the point of current approximation or nearby.

It should be stressed that “layer—linear” does not mean “linear”, and the
modified choice of new variables implies no additional restrictions, but it is a
more direct way to dynamic invariance. Below this approach is demonstrated
on the Boltzmann equation.

1 Difficulties of classical methods of the Boltzmann equation the-
ory

The Boltzmann equation remains the most inspiring source for the model
reduction problems. The first systematic and (at least partially) successful
method of constructing invariant manifolds for dissipative systems was the
celebrated Chapman—Enskog method [33] for the Boltzmann kinetic equation.
The main difficulty of the Chapman—Enskog method [33] are “nonphysical”
properties of high-order approximations. This was stated by a number of au-
thors and was discussed in detail in [35]. In particular, as it was noted in [36],
the Burnett approximation results in a short-wave instability of the acoustic
spectra. This fact contradicts the H-theorem (cf. in [36]). The Hilbert expan-
sion contains secular terms [35]. The latter contradicts the H-theorem.

The other difficulties of both of these methods are: the restriction upon the
choice of the initial approximation (the local equilibrium approximation), the
requirement for a small parameter, and the usage of slowly converging Taylor



expansion. These difficulties never allow a direct transfer of these methods on
essentially nonequilibrium situations.

The main difficulty of the Grad method [19] is the uncontrollability of the
chosen approximation. An extension of the list of moments can result in a
certain success, but it can also give nothing. Difficulties of moment expansion
in the problems of shock waves and sound propagation are discussed in [35].

Many attempts were made to refine these methods. For the Chapman-Enskog
and Hilbert methods these attempts are based in general on some better re-
arrangement of expansions (e.g. neglecting high-order derivatives [35], reex-
panding [35], Pade approximations and partial summing [1,37,39,40], etc.).
This type of work with formal series is wide spread in physics. Sometimes
the results are surprisingly good — from the renormalization theory in quan-
tum fields to the Percus-Yevick equation and the ring-operator in statistical
mechanics. However, one should realize that success cannot be guaranteed.

Attempts to improve the Grad method are based on quasiequilibrium approx-
imations [5,6]. It was found in [6] that the Grad distributions are linearized
versions of appropriate quasiequilibrium approximations (see also [1,2,24]). A
method which treats fluxes (e.g. moments with respect to collision integrals)
as independent variables in a quasiequilibrium description was introduced in
[1,2,41,42], and will be discussed later.

The important feature of quasiequilibrium approximations is that they are
always thermodynamic, i.e. they are consistent with the H-theorem by con-
struction.

2 Triangle Entropy Method

In the present subsection, which is of introductory character, we shall refer, to
be specific, to the Boltzmann kinetic equation for a one-component gas whose
state (in the microscopic sense) is described by the one-particle distribution
function f(v,«,t) depending on the velocity vector v = {vk}izl, the spatial
position = = {mk}z:1 and time ¢. The Boltzmann equation describes the
evolution of f and in the absence of external forces is

Of + vkl f = Q(f, f), (7)

where 0, = 0/0t is the time partial derivative, Jy = 0/0xy is the partial
derivative with respect to k-th component of &, summation in two repeating
indices is assumed, and Q(f, f) is the collision integral (its concrete form is



of no importance right now, just note that it is functional-integral operator
quadratic with respect to f).

The Boltzmann equation possesses two properties principal for the subsequent
reasoning.

(1) There exist five functions 1, (v) (additive collision invariants), 1, v, v?

such that for any their linear combination with coefficients depending on
x,t and for arbitrary f the following equality is true:

/ 3 au(@ a(0)Q(f, ) dv =0, (s)

provided the integrals exist.
(2) The equation (7) possesses global Lyapunov functional: the H-function,

.mﬂsz:/ﬂu%wmﬂu%@mm% 9)

the derivative of which by virtue of the equation (7) is non-positive under
appropriate boundary conditions:

dH (t)/dt < 0. (10)

Grad’s method [19] and its variants construct closed systems of equations for
macroscopic variables when the latter are represented by moments (or, more
general, linear functionals) of the distribution function f (hence their alter-
native name is the “moment methods”). The maximum entropy method for
the Boltzmann equation consists in the following. A finite set of moments de-
scribing the macroscopic state is chosen. The distribution function of the qua-
siequilibrium state under given values of the chosen moments is determined,
i.e. the problem is solved

H|[f] — min, for M;[f] = M;, i=1,... k, (11)

where MZ[ f] are linear functionals with respect to f; M; are the corresponding
values of chosen set of k macroscopic variables. The quasiequilibrium distri-
bution function f*(v, M(x,t)), M = {M,..., My}, parametrically depends
on M;, its dependence on space x and on time t being represented only by
M (z,t). Then the obtained f* is substituted into the Boltzmann equation (7),
and operators M; are applied on the latter formal expression.

In the result we have closed systems of equations with respect to M;(x,t),
1=1,...,k:

OM; + My [0 f* (v, M)] = MiQ(f* (v, M), (v, M)]. (12)

10



The following heuristic explanation can be given to the entropy method. A
state of the gas can be described by a finite set of moments on some time scale
6 only if all the other moments (“fast”) relax on a shorter time scale time
7,7 << 0, to their values determined by the chosen set of “slow” moments,
while the slow ones almost do not change appreciably on the time scale 7.
In the process of the fast relaxation the H-function decreases, and in the
end of this fast relaxation process a quasiequilibrium state sets in with the
distribution function being the solution of the problem (11). Then “slow”
moments relax to the equilibrium state by virtue of (12).

The entropy method has a number of advantages in comparison with the classi-
cal Grad’s method. First, being not necessarily restricted to any specific system
of orthogonal polynomials, and leading to solving an optimization problem, it
is more convenient from the technical point of view. Second, and ever more
important, the resulting quasiequilibrium H-function, H*(M) = H[f*(v, M)],
decreases due of the moment equations (12).

It is easy to find examples when the interesting macroscopic parameters are
nonlinear functionals of the distribution function. In the case of the one-
component gas these are the integrals of velocity polynomials with respect to
the collision integral Q(f, f) of (7) (scattering rates of moments). For chemi-
cally reacting mixtures these are the reaction rates, and so on. If the character-
istic relaxation time of such nonlinear macroscopic parameters is comparable
with that of the “slow” moments, then they should be also included into the
list of “slow” variables on the same footing.

In this paper we develop the triangle entropy method for constructing closed
systems of equations for non-linear (in a general case) macroscopic variables
Let us outline the scheme of this method.

Let a set of macroscopic variables be chosen: linear functionals M[f] and non-
linear functionals (in a general case) N[f]: M[f] = {Ml ], -, Mk[f]}  N[f] =

{Nl (f],..., Ny [f]} Then, just as for the problem (11), the first quasiequilib-
rium approximation is constructed under fixed values of the linear macroscopic
parameters M:

H|f] — min for M;[f] = M;, i =1,... k, (13)

and the resulting distribution function is f*(v, M). After that, we seek the
true quasiequilibrium distribution function in the form,

11



where @ is a deviation from the first quasiequilibrium approximation. In order
to determine ¢, the second quasiequilibrium approximation is constructed. Let
us denote AH[f*, ¢] as the quadratic term in the expansion of the H-function
into powers of ¢ in the neighbourhood of the first quasiequilibrium state f*.
The distribution function of the second quasiequilibrium approximation is the
solution to the problem,

AH[f*, ¢] — min for
Mi[f ] =0, i=1,....k AN;[f* o] = AN;, j=1,...,1, (15)

where AN]- are linear operators characterizing the linear with respect to ¢
deviation of (nonlinear) macroscopic parameters N; from their values, N} =
Nj [f*], in the first quasiequilibrium state. Note the importance of the homo-
geneous constraints M;[f*¢] = 0 in the problem (15). Physically, it means
that the variables AN, are “slow” in the same sense, as the variables M;, at
least in the small neighborhood of the first quasiequilibrium f*. The obtained
distribution function,

f= 1o, M)(1+¢* (v, M, AN)) (16)

is used to construct the closed system of equations for the macroparameters
M, and AN. Because the functional in the problem (15) is quadratic, and all
constraints in this problem are linear, it is always explicitly solvable.

Further in this section some examples of using the triangle entropy method
for the one-component gas are considered. Applications to chemically reacting
mixtures were discussed in [41].

3 Linear macroscopic variables

Let us consider the simplest example of using the triangle entropy method,
when all the macroscopic variables of the first and of the second quasiequilib-
rium states are the moments of the distribution function.

12



3.1  Quasiequilibrium projector

Let pu1(v), ..., pp(v) be the microscopic densities of the moments M, (x, t),...,
My, (x,t) which determine the first quasiequilibrium state,

M (z,t) = /,ui('v)f(v,w,t) dv, (17)

and let 4 (v), ...,y (v) be the microscopic densities of the moments Ny (x, t),...,
N,(x,t) determining together with (7) the second quasiequilibrium state,

Ni(z,t) = /I/i('v)f('u,ac,t) dv. (18)

The choice of the set of the moments of the first and second quasiequilibrium
approximations depends on a specific problem. Further on we assume that
the microscopic density ;1 = 1 corresponding to the normalization condition is
always included in the list of microscopic densities of the moments of the first
quasiequilibrium state. The distribution function of the first quasiequilibrium
state results from solving the optimization problem,

H[f] = /f(v) In f(v)dv — min (19)

for [p;(v)f(v)dv=M;,i=1,... k.

Let us denote by M = {Mj, ..., My} the moments of the first quasiequilibrium
state, and by f*(v, M) let us denote the solution of the problem (19).

The distribution function of the second quasiequilibrium state is sought in the
form,

f=1(0,M)(1+¢). (20)

Expanding the H-function (9) in the neighbourhood of f*(v, M) into powers
of ¢ to second order we obtain,

AH (1) EAH[f*,ap]:H*(M)+/f*(v,M) In f*(v, M)p(v) dv
+%/f*('v,M)302('v) dv, (21)

where H*(M) = H[f*(v, M)] is the value of the H-function in the first qua-
siequilibrium state.

13



When searching for the second quasiequilibrium state, it is necessary that the
true values of the moments M coincide with their values in the first quasi-
equilibrium state, i.e.,

M:/m@ﬁwumu+ﬂmmv

:/M(v)f*(v,M) dv =M, i=1,...k (22)

In other words, the set of the homogeneous conditions on ¢ in the problem
(15),

/m@ﬁWuMM@ﬁw:OJ:L”wh (23)

ensures a shift (change) of the first quasiequilibrium state only due to the new
moments Ny,..., N;. In order to take this condition into account automati-
cally, let us introduce the following inner product structure:

(1) Define the scalar product

(Vr12) = [ £ (v, M) (0)n(v) do. (24)

(2) Let E,, be the linear hull of the set of moment densities {11 (v), ..., ux(v)}.
Let us construct a basis of £, {e1(v),...,e,(v)} that is orthonormal in
the sense of the scalar product (24):

(ei, €j) = 5@'; (25>

t,7 =1,...,7;0; is the Kronecker delta.
(3) Define a projector P* on the first quasiequilibrium state,

P*w = iei(eiﬂﬁ)- (26>

The projector P*is orthogonal: for any pair of functions 11, 1.,
(P, (1= P)iby) =0, (27)

where 1 is the unit operator. Then the condition (23) amounts to

P =0, (28)
and the expression for the quadratic part of the H-function (21) takes
the form,

AH[f*, o] = H*(M) + (In f*, ¢) + (1/2) (¢, ¢). (29)

14



Now, let us note that the function In f* is invariant with respect to the action
of the projector P*:

P*In f* =1In f*. (30)

This follows directly from the solution of the problem (19) using of the method
of Lagrange multipliers:

k

[ =exp Z Ai(M) i (v),

i=1

where \;(M) are Lagrange multipliers. Thus, if the condition (28) is satisfied,
then from (27) and (30) it follows that

(In f*, ) = (P*In f*, (1 - P*)p) = 0.

Condition (28) is satisfied automatically, if AN; are taken as follows:

~ ~

Thus, the problem (15) of finding the second quasiequilibrium state reduces
to

AH[f" o] = H (M) = (1/2)(¢, ¢) — min
for (1 — P, ) = AN;, i=1,...,1 (32)

In the remainder of this section we demonstrate how the triangle entropy
method is related to Grad’s moment method.

3.2 Ten-moment Grad approzimation.

Let us take the five additive collision invariants as moment densities of the
first quasiequilibrium state:

mu?

,u(]:ly M = Uk (k:17273)7 :u4:77 (33>

where vy are Cartesian components of the velocity, and m is particle’s mass.
Then the solution to the problem (19) is the local Maxwell distribution func-
tion fO (v, x,1):

e (B )
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where

n(x,t) = [ f(v)dv is local number density,

u(xz,t) =n~(x,t) [ f(v)vdv is the local flow density,

T(x,t) = gi=n"'(z,1) [ f(v)(v — u(z,1))* dv is the local temperature,

kg is the Boltzmann constant.

Orthonormalization of the set of moment densities (33) with the weight (34)
gives one of the possible orthonormal basis

5kgT — m(v — u)?
€y =

(10n) kT
m*? (v, — uy)
_ R T ) 9
€k (nkBT)1/2 (k ) 73)7
m(v —u)?
- 7 35
“ = 15n) 2k T (35)

For the moment densities of the second quasiequilibrium state let us take,

Vi = muug, 1,k =1,2,3. (36)
Then
: POy, 1 2
(1 — PNy = m(v; — wy) (v — ug) — 3 am(v —u)?, (37)

and, since (1 — PO)uy,, (1 — PO)uy,) = (6:0ks + Orbis) PkT /m, where P =
nkgT is the pressure, and oy = (f, (i — P(O))I/ik) is the traceless part of
the stress tensor, then from (20), (33), (34), (37) we obtain the distribution
function of the second quasiequilibrium state in the form

£= 0 (1 o (v = w) (o = ) — (o w?)) 39

This is precisely the distribution function of the ten-moment Grad approxi-
mation (let us recall that here summation in two repeated indices is assumed).
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3.8  Thirteen-moment Grad approximation

In addition to (33), (36), let us extend the list of moment densities of the
second quasiequilibrium state with the functions

92
5,-:"”’7”’, i=1,2,3. (39)

The corresponding orthogonal complements to the projection on the first qua-
siequilibrium state are

(0= PO = ™ (0 — ) (<v ) (40)

_ DkgT
5 .

m

The moments corresponding to the densities (1 — 15(0))52- are the components
of the heat flux vector ¢;:

¢ = (o, (1 - p(O))&). (41)

Since ((1— PO, (11— JSA(O))V”C) — 0, for any i, k, [, then the constraints ((1 —
POy, ) = o, (1 — PO)E, ) = ¢ in the problem (32) are independent,
and Lagrange multipliers corresponding to &; are

= (20) (12

Sn \ m

Finally, taking into account (33), (38), (40), (42), we find the distribution
function of the second quasiequilibrium state in the form

f=r (1 + 2?;22; ((Ui — ;) (v, — ug) — %@k(’v - u>2)
qGm m(v —u)?
+P]€BT (’UZ - Ul) <75]{7BT - 1)) y (43)

which coincides with the thirteen-moment Grad distribution function [19].

Let us remark on the thirteen-moment approximation. From (43) it follows
that for large enough negative values of (v; — w;) the thirteen-moment dis-
tribution function becomes negative. This peculiarity of the thirteen-moment
approximation is due to the fact that the moment density &; is odd-order
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polynomial of v;. In order to eliminate this difficulty, one may consider from
the very beginning that in a finite volume the square of velocity of a particle
does not exceed a certain value v?, , which is finite owing to the finiteness
of the total energy, and ¢; is such that when changing to infinite volume
¢ — 0,02, — oo and ¢;(v; — u;)(v — u)? remains finite.

On the other hand, the solution to the optimization problem (11) does not
exist (is not normalizable), if the highest-order velocity polynomial is odd, as

it is for the full 13-moment quasiequilibrium.

Approximation (38) yields AH (29) as follows:

0ik0ik

AH=HOY 4n P (44)
while AH corresponding to (43) is,

AH =HO ¢ nafggk + nqgﬁf, (45)
where p = mn, and H® is the local equilibrium value of the H-function

H(O):gnlnn—;nlnP—gn (l—l—ln%). (46)

These expressions coincide with the corresponding expansions of the quasiequi-
librium H-functions obtained by the entropy method, if microscopic moment
densities of the first quasiequilibrium approximation are chosen as 1,v;, and
v;vj, or as 1,v;, vv;, and v;v2. As it was noted in [6], they differs from the
H-functions obtained by the Grad method (without the maximum entropy
hypothesis), and in contrast to the latter they give proper entropy balance
equations.

The transition to the closed system of equations for the moments of the first
and of the second quasiequilibrium approximations is accomplished by pro-
ceeding from the chain of the Maxwell moment equations, which is equivalent
to the Boltzmann equation. Substituting f in the form of f(©(1 + ) into
equation (7), and multiplying by u;(v), and integrating over v, we obtain

(L, PO py(0)) + 0u(0(v), () + O (04p(v), p15(v))
+0k(vr, i (v)) = Mo, ). (47)

Here, Mg[pi, 0] = [ Q(fO (14 ¢), fO 1+ ¢))ui(v) dv is a “moment” (corre-
sponding to the microscopic density) p;(v) with respect to the collision integral
(further we term Mg the collision moment or the scattering rate). Now, if one
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uses f given by equations (38), and (43) as a closure assumption, then the
system (47) gives the ten- and thirteen-moment Grad equations, respectively,
whereas only linear terms in ¢ should be kept when calculating M.

Let us note some limitations of truncating the moment hierarchy (47) by means
of the quasiequilibrium distribution functions (38) and (43) (or for any other
closure which depends on the moments of the distribution functions only).
When such closure is used, it is assumed implicitly that the scattering rates
in the right hand side of (47) “rapidly” relax to their values determined by
“slow” (quasiequilibrium) moments. Scattering rates are, generally speaking,
independent variables. This peculiarity of the chain (47), resulting from the
nonlinear character of the Boltzmann equation, distinct it essentially from
the other hierarchy equations of statistical mechanics (for example, from the
BBGKY chain which follows from the linear Liouville equation). Thus, equa-
tions (47) are not closed twice: into the left hand side of the equation for the
i-th moment enters the (i + 1)-th moment, and the right hand side contains
additional variables — scattering rates. The triangle entropy method enables to
address both sets of variables (moments and scattering rates) as independent
variables.

4 Transport equations for scattering rates in the neighbourhood
of local equilibrium. Second and mixed hydrodynamic chains

In this section we derive equations of motion for the scattering rates. It proves
convenient to use the following form of the collision integral Q(f, f):

Qf, f)(v) = /w(’v'l,v'l’v,vl) (f (@) f(vy) = f(v)f(v1)) dv’ dv) dvy, (48)

where v and v; are velocities of the two colliding particles before the collision,
v’ and v} are their velocities after the collision, w is a kernel responsible
for the post-collision relations v’(v, v;) and v/ (v, v1), momentum and energy
conservation laws are taken into account in w by means of corresponding 4-
functions. The kernel w has the following symmetry property with respect to
its arguments:

w(v}, Vv, v1) = w(v], Vv, v) = w@', v | v, v) = w(v, vy |V, v]).(49)

Let p(v) be the microscopic density of a moment M. The corresponding scat-
tering rate Mg|[f, p1] is defined as follows:

Molf.rl = [ QU f)(w)u(w) do. (50)
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First, we should obtain transport equations for scattering rates (50), analogous
to the moment’s transport equations. Let us restrict ourselves to the case when
f is represented in the form,

f=r0+0), (51)

where f(© is local Maxwell distribution function (34), and all the quadratic
with respect to ¢ terms will be neglected below. It is the linear approximation
around the local equilibrium.

Since, by detailed balance,

FO@) O v1) = FO) O (v)) (52)

for all such (v, v1), (v’, v}) which are related to each other by conservation
laws, we have,

Mq[f©, 4] =0, for any p. (53)

Further, by virtue of conservation laws,

Mo[f, POp] =0, for any f. (54)

From (52)-(54) it follows,

Mqalf O (L + ), 1] = Molp, (1 = PO)u] (55)
= —/w('v’, v | v,0) O ) fO(vy) {(1 — P(O))p(v)} dv’ dv} dv; dw.

We used notation,

{(v)} = ¥(v) + P(v1) — (V) — P(v)). (56)

Also, it proves convenient to introduce the microscopic density of the scatter-
ing rate, pg(v):

lo(v) = /w('v’,'v'l 0,00 fO (o) {(1 - PO)u(v)} dv/ dvjdoy.  (57)

Then,

Male, 1] = =(¢, 1q); (58)
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where (-, -) is the Ly scalar product with the weight f(*) (34). This is a natural
scalar product in the space of functions ¢ (51) (multipliers), and it is obviously
related to the entropic scalar product in the space of distribution functions
at the local equilibrium f(), which is the Ly scalar product with the weight

(fO)

Now, we obtain transport equations for the scattering rates (58). We write
down the time derivative of the collision integral due to the Boltzmann equa-
tion,

aQ(f, f(w) = TQ(f, /)(v) + RQ(f, f)(v), (59)

where

QU F)(w) = [ (@', v | v,01) [[(©)vwdhf (v1) + F (01)00ef (0)
— [0k f (V) — f(V))v, 0k f (V)] dv’ dv) dv; dw; (60)
BQUL () = [w@! vl | v,01) QU )W) (@) + QUf. ) f()
= QU N@)f(©) = Q. N(w)f(v1)] dv/ dv) dvrdv.  (61)

Using the representation,

0ef O (v) = An() fO (v); (62)

_ 32y . M Nl
Ak('v) 8k lIl( T )—|— ]{,‘BT( u,)@ku,+ ijBT 8k th

and after some simple transformations using the relation

{Ak(v)} =0, (63)

in linear with respect to ¢ deviation from f(® (51), we obtain in (59):

TQU. 1)) =0k [ w(e!, o | 0,0) O 0)fO(0) {urp(0)} v dof do,
+ / w(@', 0, | 0,01) O (01) O (v) {opAp(v)} dv’ v, do;

+ /w("’,, vy | v, ’Ul) (’U)f(o)(’l’l) [o(v) Ag(v1) (Vg — Vi)

+p(v1) Ap(v) (vr — vix) + (V") A (V) (v, — V)
+ (V) Ap(v) (vyy, — vy)] dvf dv’ dwy; (64)

QU £)(w) = [ 0@, 0] | 0,011 O(0)fO(01) {£(0)} a0} do’ doy;
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§(0) = [ W' v] 0,00/ O(w) {¢(v)} dvjdv'doi; (65)
aQ(f, f)(v) (66)
—_9, / w©', v, | v,v) O @) FO ) {p(v)} dv' dv!, do,.

Let us use two identities:

1. From the conservation laws it follows

{e()} = {(i~ PO)p(v)}. (67)

2. The symmetry property of the kernel w (49) which follows from (49), (52)

/w(v'>v'1 | v,01) O (01) 1 (©)91(v) {ga2(v)} dv’ dv dw; dw (68)
= /w('v’,'v'1 | v, v1) fO(v1) fO(v)g2(v) {g1(v)} dv’ dv', dw, dw.

It is valid for any two functions ¢;, g» ensuring existence of the integrals, and
also using the first identity.

Now, multiplying (64)-(67) by the microscopic moment density u(v), perform-
ing integration over v (and using identities (67), (69)) we obtain the required
transport equation for the scattering rate in the linear neighborhood of the
local equilibrium:

_atAMQ[(pv ] = a (90
= (0 Ak (v), po((1
+01(p(v)vi, pg((1

-
+ (¢

The chain of equations (69) for scattering rates is a counterpart of the hydro-
dynamic moment chain (47). Below we call (69) the second chain, and (47)
- the first chain. Equations of the second chain are coupled in the same way
as the first one: the last term in the right part of (69) (&, uq((1 — POy
depends on the whole totality of moments and scattering rates and may be
treated as a new variable. Therefore, generally speaking, we have an infinite
sequence of chains of increasingly higher orders. Only in the case of a special
choice of the collision model — Maxwell potential U = —xr~% — this sequence

1Q)

— PO)p(v)))

= POY()) + [w(@!, vl | v,00) £ (0) O (w)
PO)p(v)} Ap(1) (i — vi)p(v) dv’ dv dwydv

1o

)otiq (1= PO)(w))). (69)

22



degenerates: the second and the higher-order chains are equivalent to the first
(see below).

Let us restrict our consideration to the first and second hydrodynamic chains.
Then a deviation from the local equilibrium state and transition to a closed
macroscopic description may be performed in three different ways for the
microscopic moment density i (v). First, one can specify the moment M{[s] and
perform a closure of the chain (47) by the triangle method given in previous
subsections. This leads to Grad’s moment method. Second, one can specify
scattering rate MQ [1t] and perform a closure of the second hydrodynamic chain
(69). Finally, one can consider simultaneously both M][su] and Mq[u] (mixed
chain). Quasiequilibrium distribution functions corresponding to the last two
variants will be constructed in the following subsection. The hard sphere model
(H.S.) and Maxwell’s molecules (M.M.) will be considered.

5 Distribution functions of the second quasiequilibrium approxi-
mation for scattering rates

5.1  First five moments and collision stress tensor

Elsewhere below the local equilibrium f(?(34) is chosen as the first quasi-
equilibrium approximation.

Let us choose vy, = mwv;vx(36) as the microscopic density p(v) of the second
quasiequilibrium state. Let us write down the corresponding scattering rate
(collision stress tensor) Ay in the form,

Aik = _(907 VQik)> (70)

where

vou(v) = m / w(v', v, | v1,0) O (vr)
1

X {(vz — i) (vp — ug) — 3 (v — 'u,)z} dv’ dv} dvy (71)
is the microscopic density of the scattering rate Aj.

The quasiequilibrium distribution function of the second quasiequilibrium ap-
proximation for fixed scattering rates (70) is determined as the solution to the
problem
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(¢, ) — min for
(¢, vqir) = —Aig. (72)

The method of Lagrange multipliers yields

p(v) = Aixvqir(v),
ik (VQik, Vois) = Nis, (73)

where \;, are the Lagrange multipliers.

In the examples of collision models considered below (and in general, for spher-
ically symmetric interactions) vy is of the form

voir(v) = (1 = PO)i(v)@((v — u)?), (74)

where (1 — P©)y;;, is determined by relationship (37) only, and function ®
depends only on the absolute value of the peculiar velocity (v — w). Then

Aik =1
T =(2/15) (®*((v —w)?), (v —w)"), (75)

and the distribution function of the second quasiequilibrium approximation
for scattering rates (70) is given by the expression of the form

f=FO0 +rApugn)- (76)

The form of the function ®((v — u)?), and the value of the parameter r are
determined by the model of particle’s interaction. In the Appendix A, they
are found for hard sphere and Maxwell molecules models (see (134)-(139)).
The distribution function (76) is given by the following expressions:

For Maxwell molecules:

{1+u m(2P2ksT) ™ A (01 = w) (v = ) — 50lo —u)?) },

ksT+/2m
 3rA(5)V/E

0 (77)

where p)™™M- is viscosity coefficient in the first approximation of the Chapman-—
Enskog method (it is exact in the case of Maxwell molecules), k is a force
constant, As(5) is a number, As(5) &~ 0.436 (see [33]);
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For the hard sphere model:

f=ro
-1

24/ 2FmudtS: m(v — u)?
1 7@-/ MO T2 () 214y
X{ T TSP T k+1 exp e Y 1=y +y7)

(M- 2) an (10w - ) - outo - )},

WS = (5y/keTm) | (16/70?), (78)

where 7 is a number represented as follows:

f*zﬁjfwww@mwmww
X (160 + 28a(y(y) +7(2)) + 63v(y)y(2)) dy dz, (79)

a=1+y"+2%  Bly)=1+y" Ay =1-y~
Numerical value of 7! is 5.212, to third decimal point accuracy.

In the mixed description, the distribution function of the second quasiequilib-
rium approximation under fixed values of the moments and of the scattering
rates corresponding to the microscopic density (36) is determined as a solution
of the problem

(p, ) — min for (80)
((i - p(o))Vik,SO) = Oik,
(VQz'ka ©) = Aig.

Taking into account the relation (74), we obtain the solution of the problem
(80) in the form,

p(v) = Aa®((v — u)*) + Ba) (v; — ui) (vx — ur) = (1/3)dix(v — u)*).(81)

Lagrange multipliers \;z, G;x are determined from the system of linear equa-
tions,

ms N, + 2PkgTm™ '3, = o,
mr_l)\ik + ms_lﬁik = A, (82)
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where

s = (2/15)(2((v — w)?), (v —u)"). (83)

If the solvability condition of the system (82) is satisfied,

D =m?s™? — 2PkgTr ' #0, (84)

then the distribution function of the second quasiequilibrium approximation
exists and takes the form

f=r0 {1 + (m?s™ % — 2PkgTr~1)™! (85)
x[(ms™ oy, — 2PkgTm™ Ay, ) ®((v — u)?)
+ (ms™ Ag — mr o) (v — w) (v — ug) — (1/3)6 (v — u)2)} :

The condition (84) means independence of the set of moments o, from the
scattering rates A;;. If this condition is not satisfied, then the scattering rates
Ay, can be represented in the form of linear combinations of o, (with coeffi-
cients depending on the hydrodynamic moments). Then the closed by means
of (76) equations of the second chain are equivalent to the ten moment Grad
equations, while the mixed chain does not exist. This happens only in the case
of Maxwell molecules. Indeed, in this case s™1 = 2P%kgT (m?ud™ )~ D = 0.
The transformation changing A to oy is

M A P! = oy, (86)

For hard spheres:

+1

57 5 = /v(y)(ﬁ(y))‘”2 (ﬁ(y) + Zv(y)) dy.(87)

-1

L 5P2yT
4\/§M6{.S.m2

The numerical value of §7! is 1.115 to third decimal point. The condition (83)
takes the form,

25 [ P2kgT\>
D=2 5B ) (52—t .
% (m,ug's) (s 7)) #£0 (88)

Consequently, for the hard sphere model the distribution function of the second
quasiequilibrium approximation of the mixed chain exists and is determined
by the expression
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F=rof1+ m(4PkBT< )

X | o671 — H SA +1exp m(v — u)* — 2
ik Ho ik 2]{3]3T
v—u

xu—y%a+y%(ﬁ%aﬁf%1—f»+ﬁcw

1 8V2 ~_
+2 <S L. —5£MESAZ]€ —T 10_ik>‘|

X ((v; — uy) (v — ug) — % (v — 'u,)2>} : (89)

v |

5.2 First five moments, collision stress tensor, and collision heat flux vector

Distribution function of the second quasiequilibrium approximation which
takes into account the collision heat flux vector @) is constructed in a sim-
ilar way. The microscopic density {q; is

A A 1).21)

%Mﬁz/wWQ%Mme@WO{O—P@);

} dv' dv| dv,.  (90)

The desired distribution functions are the solutions to the following optimiza-
tion problems: for the second chain it is the solution to the problem (72) with
the additional constraints,

m(g, $qi) = Q. (91)

For the mixed chain, the distribution functions is the solution to the problem
(80) with additional conditions,

m(p,&qi) = Qi, m(p, (i - P(O))&) = q;- (92)

Here & = v;v?/2 (see (39)). In the Appendix A functions &g, are found for
Maxwell molecules and hard spheres (see (139)-(144)). Since

(&oir vars) = (1 — POV, vau;)
= (£gi, (1 = PO)ypy) = (1 = PO)g, (1= PO)uyy) =0, (93)

the conditions (91) are linearly independent from the constraints of the prob-
lem (72), and the conditions (92) do not depend on the constraints of the
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problem (80).

Distribution function of the second quasiequilibrium approximation of the
second chain for fixed Az, Q; is of the form,

f= O+ rApvgi + 1Qilqi)- (94)

The parameter 7 is determined by the relation

Nt = (1/3)(€ai Soi)- (95)

According to (143), for Maxwell molecules

()’

T 10P3(kpT)2 (96)

and the distribution function (94) is

f=FOL1+ ™M m(2P ks T) ™ A((v = i) (v — w)

— Lo(o — W) + (P T) v — ) (”ﬁ% - 1) } - (o7)

For hard spheres (see Appendix A)

_ S ?

T 25 P3 (kT2

where 7 is a number equal to 16.077 to third decimal point accuracy.

The distribution function (94) for hard spheres takes the form

Fmp S i m(v —u)?
f=ro {1 -+ %Am / exp (—%@f) By)v(y)
X <%7(y) + 2) dy ((v, —u;) (v — ug) — %@-k('v — u)z)
2/2m 3 S ,  bkpT
+WQZ l(’UZ — UZ) (('v — 'u,) — m )
71 _mw—u) , m(v —u)? d
X Jexp | =gy By)(y) T Y(y)+2) dy

-1
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(o™ a0 au | (99
The functions 5(y),v(y), o(y) and §(y) are

Bly)=1+y* vy) =1—-y% o(y) =y*(1 —3?), 0(y) =3y> — 1. (100)

The condition of existence of the second quasiequilibrium approximation of
the mixed chain (84) should be supplemented with the requirement

5P (kpT)?2
R=m?r2— %n—l £ 0. (101)
m

2
]

=3 (- P08 o) (102)

For Maxwell molecules 771 = (5P?k%T?)/(3ud™-m3), and the solvability con-
dition (101) is not satisfied. Distribution function of the second quasiequilib-
rium approximation of mixed chain does not exist for Maxwell molecules. The
variables (); are changed to ¢; by the transformation

3up™MQ; = 2Pg;. (103)

For hard spheres,

L 25(PksT)?
8v2m3ullS’

=7

(104)

where

7= é /6‘9/2(@/)7(@/){63(7(?;) +0o(y))

+76(y)(4 — 107(y) + 26(y) — 50(y))
+3%(y)(257(y) — 106(y) — 40) + 208°(y) } dy. (105)

The numerical value of 77! is about 4.322. Then the condition (101) is verified:
R =~ 66m~*(PkgT)*(utl>)?. Finally, for the fixed values of o, Ai, ¢; and Q;
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the distribution function of the second quasiequilibrium approximation of the
second chain for hard spheres is of the form,

— 0 M52 _p1y-
f=1° {1+4PkBT( P
+1 IRY
X [(5‘1mk i—fﬂgSAik>_/lexp <_m(§kBTu) y2>
)2
xB(y)y(y) <m(;)kBTu) 7(y) +2> dy+2< —185\}{ O Ay, — 7 o—kﬂ

2/{ZBT 2kB{T
o (M HSo1, ﬁ_lqz) (05 — w) <<v ) - 5kBT>H. (106)

m

Y _Zlexp (—My) B () (Mo—@ " 6<y>) dy)

Thus, the expressions (77), (78), (89), (97), (99) and (106) give distribution
functions of the second quasiequilibrium approximation of the second and
mixed hydrodynamic chains for Maxwell molecules and hard spheres. They
are analogues of ten- and thirteen-moment Grad approximations (38), (42).
The next step is to close the second and mixed hydrodynamic chains by means
of the found distribution functions.

6 Closure of the second chain for Maxwell molecules

6.1 Second chain, Mazwell molecules

The distribution function of the second quasiequilibrium approximation under
fixed Ay, for Maxwell molecules (77) presents the simplest example of the
closure of the first (47) and second (69) hydrodynamic chains. With the help
of it, we obtain from (47) the following transport equations for the moments
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of the first (local equilibrium) approximation:

p(Oyuy, + uw;Ouy) + O P + @(P_IMIS/I'M'AM) = 0;

3 5
Now, let us from the scattering rate transport chain (69) find an equation for

Ay, which closes the system (70). Substituting (77) into (69), we obtain after
some computation:

Ol + s (1 Ae) + AisDsttg + At — %ammsasul

2
+P2(MB/I'M')_1 (&uk —+ 8ku2 — 552k83u5>
+P (™M) Ay + AgrOsug = 0. (108)

For comparison, let us give ten-moment Grad equations obtained when closing
the chain (47) by the distribution functions (38):

Op + 0;(uip) = 0;
p(Oyuy, + w;Ouy) + Op P + O;oi = 0

3 5
2
Ok + Os(usoix) + P (@uk + Oy — §5ik05u5)
2
+0;505Up + OpsOstl; — géikalsﬁsul + P(ug/l‘M')_laik = 0. (110)

Using the explicit form of pd™™:(77), it is easy to verify that the transforma-
tion (86) maps the systems (107), (108) and (109) into one another. This is a
consequence of the degeneration of the mixed hydrodynamic chain which was
already discussed. The systems (107), (108) and (109) are essentially equiva-
lent. These specific properties of Maxwell molecules result from the fact that
for them the microscopic densities (1 — PO)v;v, and (1 — PO)y;0? are eigen
functions of the linearized collision integral.

7 Closure of the second chain for hard spheres and a “new deter-
mination of molecular dimensions” (revisited)

Here we apply the method developed in the previous sections to a classical
problem: determination of molecular dimensions (as diameters of equivalent
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hard spheres) from experimental viscosity data. Same as in the previous sec-
tion, we shall restrict ourselves to the truncation of the second chain at the
level of ten moment approximation. After the chain of equations is closed with
the functions f*(p,w, P, A;;), we arrive at a set of equations with respect to
the variables p, u, P, and A ;.

Expressions (70), (71), (74) for A,;; may be rewritten in the dimensionless
form:

o) = u0) = g [ Sale) {ees = gpuc | opdo. (1)
0

Here, ,u%z is the first Sonine polynomial approximation of the viscosity coeffi-
cient (VC) [33] (see, for example, (77), (78)), and, as usual, ¢ = /5= (v —u).

The scalar dimensionless function S¢g depends only on ¢?, and its form depends
on the choice of interaction w. In this variables, we have:

(@uk + u;0; uk) + 0P + 0; { ( ) Czk} (113)
§(5’ P + w;0,P) + §P@-u- + 0( Jn Gk ¢ Oiug, = 0; (114)
9 t 1V 9 1 Wi QTQP ik 1 Wk )

2
atgik + as(usgzk) + {Cksasui + Cisasuk - gdikgrsasur} (115)
260 P? p

+ - 18 5_781' _'_a i__éigss

o= PEE TR R

OzQP

(=0,

rous(T)

Here, 0, = 0/0t,0; = 0/0x;, summation in two repeated indices is assumed,
and the coefficients rg, (g, and g are defined with the help of the function
S (111) as follows:

o 8 _ 2 6 2 i
TQ_15\/7_T Sol(c )) de;

2
/ —c2 GS )dSQ(C ) dC,

fo= 15\/_ d(c?)

ag= 15[/ e~ S0(c) Ro(c?) de. (116)
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The function Rg(c?) in the last expression is defined due to the action of the
operator L¢g on the function Sg(c?)(cic; — $6;;¢2):

P 1 1
IU_QRQ(Cz)(CiCj - §5ij02) = Lo(Sq(c?)(cicj — §5z’j02))- (117)
0

Finally, the parameter ¢ in (112-116) reflects the temperature dependence of
the VC:

=3 (g (M)

The set of ten equations (112-116) is alternative to the 10 moment Grad
equations.

The observation already made is that for Maxwell molecules We have: SMM- =
1, and "™ oc T'; thus yMM- = MM — o pMM = oMM — 1 4nd (112-116)
becomes the 10 moment Grad system under a simple change of variables A\(;; =
0ij, where A is the proportionality coefficient in the temperature dependence
of iyt

These properties (the function S is a constant, and the VC is proportional to
T) are true only for Maxwell molecules. For all other interactions, the function
So is not identical to one, and the VC u%(T) is not proportional to T". Thus,
the shortened alternative description is not equivalent indeed to the Grad
moment description. In particular, for hard spheres, the exact expression for
the function S™ (111) reads:

c»\s

/ ) (1 -1 (A1 - ) +2) dt; plS < VT. (118)

Thus, 715 = %, and f:—s ~ 0.07, and the equation for the function (. (116)
contains a nonlinear term,

O"5- (O, (119)

QH.S.

where ~ 0.19. This term is missing in the Grad 10 moment equation.

Finally, let us evaluate the VC which results from the alternative description
(112-116). Following Grad’s arguments [19], we see that, if the relaxation of
(ix is fast compared to the hydrodynamic variables, then the two last terms in
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Fig. 3. Approximations for hard spheres: bold line — function SHS- solid line —
approximation SE'S', dotted line — Grad moment approximation.

the equation for (;; (112-116) become dominant, and the equation for u casts
into the standard Navier-Stokes form with an effective VC 1%

1
Q Q 120
M efr 2 Ko ( )

For Maxwell molecules, we easily derive that the coefficient o in (120) is equal
to % Thus, as one expects, the effective VC (120) is equal to the Grad value,
which, in turn, is equal to the exact value in the frames of the Chapman—
Enskog method for this model.

For all interactions different from the Maxwell molecules, the VC ;% (120) is
not equal to ,ucg. For hard spheres, in particular, a computation of the VC (120)
requires information about the function R™S (117). This is achieved upon a
substitution of the function S5 (118) into (117). Further, we have to compute
the action of the operator L*5- on the function S™5(c;c; — £6;;¢%), which is
rather complicated. However, the VC plk5 can be relatively easily estimated
by using a function SH5 = %(1 +1¢?), instead of the function S™5 in (117).
Indeed, the function S5 is tangent to the function SH5 at ¢* = 0, and is
its majorant (see Fig. 3). Substituting S5 into (117), and computing the
action of the collision integral, we find the approximation RIS thereafter we
evaluate the integral o5 (116), and finally come to the following expression:

ns. o 75264

Mefi 2 mﬂgs' ~ 1125 (121)

Thus, for hard spheres, the description in terms of scattering rates results in
the VC of more than 10% higher than in the Grad moment description.

A discussion of the results concerns the following two items.
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Table 1
Three virial coefficients: experimental Beyp, classical By [45], and reduced Beg for
three gases at T' = 500K

Bexp | Bo | Besr
Argon 8.4 160.9 | 50.5
Helium | 10.8 | 21.9 | 18.2

Nitrogen | 168 | 66.5 | 55.2

1. Having two not equivalent descriptions which were obtained within one
method, we may ask: which is more relevant? A simple test is to compare char-
acteristic times of an approach to hydrodynamic regime. We have 75 ~ ud> /P
for 10-moment description, and 7, ~ utkS-/P for alternative description. As
Ta > Ta, We see that scattering rate decay slower than corresponding moment,
hence, at least for rigid spheres, the alternative description is more relevant.
For Maxwell molecules both the descriptions are, of course, equivalent.

2. The VC ptkS (121) has the same temperature dependence as pil>, and also
the same dependence on a scaling parameter (a diameter of the sphere). In the
classical book [33] (pp. 228-229), "sizes” of molecules are presented, assuming
that a molecule is represented with an equivalent sphere and VC is estimated
as puiS-. Since our estimation of VC differs only by a dimensionless factor from
pdtS | it is straightforward to conclude that effective sizes of molecules will be

reduced by the factor b, where b = /udlS /utkS- ~ 0.94. Further, it is well
known that sizes of molecules estimated via viscosity in [33] disagree with the
estimation via the virial expansion of the equation of state. In particular, in
book [45], p. 5, the measured second virial coefficient By, was compared with
the calculated By, in which the diameter of the sphere was taken from the
viscosity data. The reduction of the diameter by factor b gives Beg = b3By.
The values Beyp, and By [45] are compared with Beg in the Table 1 for three
gases at T' = 500K . The results for argon and helium are better for Beg, while
for nitrogen B.g is worth than By. However, both By and Beg are far from the
experimental values.

Hard spheres is, of course, an oversimplified model of interaction, and the
comparison presented does not allow for a decision between pS and plL®.
However, this simple example illustrates to what extend the correction to the
VC can affect a comparison with experiment. Indeed, as it is well known, the
first-order Sonine polynomial computation for the Lennard-Jones (LJ) poten-
tial gives a very good fit of the temperature dependence of the VC for all noble
gases [46], subject to a proper choice of the two unknown scaling parameters
of the LJ potential 2. We may expect that a dimensionless correction of the

2 A comparison of molecular parameters of the LJ potential, as derived from the
viscosity data, to those obtained from independent sources, can be found elsewhere,
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VC for the LJ potential might be of the same order as above for rigid spheres.
However, the functional character of the temperature dependence will not be
affected, and a fit will be obtained subject to a different choice of the molecular
parameters of the L.J potential.

The five-parametric family of pair potentials was discussed in Ref. [47]. These
five constants for each pair potential have been determined by a fit to experi-
mental data with some additional input from theory. After that, the Chapman—
Enskog formulas for the second virial coefficient and main transport coeffi-
cients give satisfactory description of experimental data [47]. Such a semi-
phenomenological approach that combines fitting with kinetic theory might
be very successful in experimental data description, but does not allow us
to make a choice between hierarchies. We need to decide which hierarchy is
better. This choice requires less flexibility in the potential construction. The
best solution here is independent determination of the interaction potential
without references to transport coefficients or thermodynamic data.

Conclusion and outlook

We developed the Triangle Entropy Method (TEM) for model reduction and
demonstrated how it works for the Boltzmann equation. Moments of the Boltz-
mann collision integral, or scattering rates are treated as independent variables
rather than as infinite moment series. Three classes of reduced models are con-
structed. The models of the first class involve only moments of distribution
functions, and coincide with those of the Grad method in the Maximum En-
tropy version. The models of the second type involves only scattering rates.
Finally, the mixed description models involve both the moments and the scat-
tering rates. TEM allows us to obtain all the closure formulas in explicit form,
not only for the Maxwell molecules (as it is usual), but for hard spheres also.
We found the new Boltzmann-kinetics estimations for the equivalent hard
sphere radius for gases.

The main benefits from TEM are:

(1) It constructs the closure as a solution of linear equations, and, therefore,
often gives it in an explicit form;

(2) It provides the thermodynamic properties of reduced models, at least,
locally;

(3) It admits nonlinear functionals as macroscopic variables, this possibility is
important for creation of non-equilibrium thermodynamics of non-linear
fluxes, reaction rates, scattering rates, etc.

e.g. in [33], p. 237.
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The following fields for future TEM applications are important:

e Modelling of nonequilibrium processes in gases (Boltzmann kinetics and its
generalisations);

e Chemical kinetics models with reaction rates as independent variables;

e Kinetics of complex media (non-Newtonian liquids, polymers, etc.) with the
Fokker—Planck equation as the basic kinetic description.

Renewed interest in MaxEnt methods is partly because of rapid development
of nonextensive entropies [48,49]. In that sense, the Fokker-Plank equation
seems to be an attractive example for MaxEnt method application [51], and,
in particular, for the application of TEM. This classical equation admits a
broad class of Lyapunov functions, including nonextensive entropies (see, for
example, Ref. [15]).

For any hierarchy of equations the crucial question is: where to stop? Is it pos-
sible to decide, is a particular model from the hierarchy sufficiently accurate,
or we need to go ahead? Without criteria for making such a decision we have
just infinite number of theories.

The residual estimates are possible: we can estimate the defect of invariance
(see Fig. 1). If it is too big (in comparison with the full right hand side .J),
then we should switch to the next system of hierarchy. If it vanishes, we could
try the previous system. Normally, it is impossible to find one reduced model
for all regimes, but it is possible to change the model during simulation.

There exists one more benefit from the hierarchy. For each model we have an
approximate slow invariant manifold €2;, and the vector field of the reduced
dynamics J; which is defined at points from 2; and is tangent to this man-
ifold. This structure gives a possibility to estimate not the whole defect of
invariance, but a “partial defect” A; = J;11 — J;. Usually it is sufficient to
estimate this partial defect of invariance, that is, to check whether the current
model is the approximate slow invariant manifold for the next model up to
desired accuracy. Examples of these estimates and applications are presented
in Refs. [15,16,29,38]. We propose to use the flexible technology of modeling
with adaptive choice of the model from hierarchy. This approach could be dis-
cussed as intermediate one between the classical one-model calculations and
the equation—free approach [52], for example.

We construct the quasiequilibrium hierarchy of models for a system with en-
tropy growth. These systems relax to equilibrium points. But most interesting
application is modeling of open systems. It is possible to use obtained hier-
archy of models for open systems just by adding flows under the assumption
that the fast motion and slow manifold do not change due to the system open-
ing. For example, we usually use the Navier—Stokes equation for systems with
external flows that do not relax to equilibrium. If the external flows are fast
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and the perturbation of slow manifold is significant, then the correspondent
perturbation theory [15,16] modifies the model for open system.

The inertial manifold [13,53,54] is the manifold where the limit behaviour of
the system is located; it exponentially attracts motions when ¢ — oo. For a
closed system the equilibrium (one point) is already the inertial manifold. In
the theory of inertial manifolds the estimates of inertial manifolds dimension
for several classes of (open) systems are created and finiteness of this dimension
is proved. Inertial manifolds could be considered as the lowest level of any hier-
archy of slow manifolds. They belong to all the slow invariant manifolds of the
hierarchy. In our construction we build the hierarchy of infinite—dimensional
approximate slow manifolds for the Boltzmann equation and do not try to
find the smallest invariant manifolds for open systems.

And, finally, we should ask the question: what chain is better, could we prove
that the second hierarchy with scattering rates instead of usual moments is
better than the standard Grad hierarchy? We cannot prove this exactly, but
can only argue plausibly that the second hierarchy should lead to dynamic in-
variance faster, than the first one, and support this point of view by examples.

Appendix A: Formulas of the second quasiequilibrium approxima-
tion for Maxwell molecules and hard spheres

Let us write vg;, (71) in the standard form:

VQik (122)
1
= /f“” | vy — v | {(vi — i) (0, — w) — 30 (v~ u)2} bdbde do,

where b is the impact parameter, € is the angle between the plane containing
the trajectory of the particle being scattered in the system of the center of
mass and the plane containing the entering asymptote, the trajectory, and a
certain fixed direction. It is convenient to switch to the dimensionless velocity
c and to the dimensionless relative velocity g:

m \1/2 1 m \ /2
G, = <2kBT> ('Ui - Ui)> gi = 5 <k‘B—T> (Uli - Uz) (123)

After standard transformations and integration with respect to € (see [33]) we
obtain in (123)
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3Py

Vaik =T (124)
1
X /exp(—ﬁ)go@ (9) ((Cli —¢i) (e — ) — §5ik(c1 — C)2> de;.
Here
db
= 1—cos? x) | vy — v | b(x _}an 125
o = [ o= |00 (125)

and y is an angle between the vectors g and ¢'.

The dependence of gpgz) on the vector ¢ is determined by the choice of the
model of particle’s interaction.

For Maxwell molecules,

2% 1/2
A= (22) " 40, (126)

where x is a force constant, As(5) is a number, Ay (5) ~ 0.436.

For the model of hard spheres

(2) \/§O’2 ]{JBT 1/2
= — |cp—c,

127
¥1 3 m ( )

where o is diameter of the sphere modelling the particle.
Substituting (126) and (127) into (125), we transform the latter to the form:

for Maxwell molecules

3P 2k \? w0 0 1. 0 0\ . mwm, o
VQik = % <%> A2(5) eXp(_C ) (8018—% - gélkﬁ—cs 8CS> T (C )7
TM'M'(C2) = /exp(—$2 — 2xkck) dw; (128)

for hard spheres

Po? (kgT\"? o (00 1. 0 0\, ns, o
Wwﬁﬂﬁﬂ WH%%£7W£MV<W

THS (2) = / | & | exp(—a? — 2xpc;) dat. (129)
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It is an easy matter to perform integration in (128), the integral is equal to
3/2 ,c?
T ee .

Therefore for Maxwell molecules,

Vou — gmr %“)1/2 A5(5) <(vi — i) (g — ug) — %@k(v _ u)2> o (130)

The integral 755 in (129) can be transformed as follows:

THS(2) = 27 4 7 / exp(c2(1 — y2)) (1 +12) dy. (131)

Then for the model of hard spheres,

T\ 1
Voik =V 2mno? (B—> (cick — —5ik02)

m 3

x [ exp(=c?)(1+ 9?1 = p)(E0 — ) + 2) dy. (132)

Let us note a useful relationship:

TS Ja() =7 [ exp(c3 (1~ o)

(L4 92) (1 = g (L — )+ m) gy > 1. (139

Use the expressions for the viscosity coefficient o which are obtained in the
first approximation of the Chapman-Enskog method:

for Maxwell molecules,

omN\Y?2  kgT
M.M. B
. 134
Ho ( K ) 3w Ay(5)’ (134)

for hard spheres,

knTm)/2
us. _ O(ksT'm) _ (135)

0 1671/252
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Transformation of (130), (132) to the form of (74) gives the following functions

O((v —u)?):
for Maxwell molecules,

P = P/,ug/I‘M';

for hard spheres

+1
5P m(v —u)? ,
T L G
16v/2u05 ) P < e T "

<L+ )1 =) (”"‘(;’T;T“)Qa )+ 2) ay.

The parameter r from (75) is:

for Maxwell molecules:
2
r= (m,ug/['M‘) /(2P3kBT);

for hard spheres:

64 (mug“'M')2
T T s PRk T

The dimensionless parameter 7 is represented as follows:

+1+1

f‘lzl%//a‘”/zﬁ(y)ﬁ(Z)v(y)v(Z)

x (160 + 28c(7(y) +7(2)) + 637(y)7(2)) dy d=.

Here and below the following notations are used:

Bly) =14y  Aly)=1-y>  a=1+y>+2"

Numerical value of 7! is 5.212 to third decimal point.

The parameter (83) is:
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for Maxwell molecules

57! = (2P%ksT)/ (m*mp™™) (142)

for hard spheres

2
= 5—175ﬂp §2T. (143)
Rm2 s
The dimensionless parameter 57! is of the form
+1 -
= [ (80 + ) ) dy. (144)

Numerical value of 571 is 1.115 to third decimal point.

The scattering rate density (90) is of the form,

i = V2 <I€B—T>3/z/f(°)(v1) |v1 —v | {ci (02 - g)}bdbdedvl. (145)

m

Standard transformation of the expression {c;(c* — 5/2)} and integration with
respect to € change (145) to the form,

§oi (146)
P

~ \V2rm /eXp(_C%)SO?)(?’(C% — (e — ) — (e1 — e)*(cyi + ¢;)) dey.

Further, using the expressions (126) and (127) for oY, we obtain:

for Maxwell molecules:

P (rkksT\"? 2\ 7 MM, 24,
for hard spheres:

P/{ZBTO'2 ~

ng = W eXp(—c2)DiTH-S-(CQ)‘ (148)
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The operator D; is of the form

1600 3 060 190290
10c; 0c. 0c.  2%0c. 06, 27 0¢, O,

(149)

The operator D; acts on the function ¢(c?) as follows:

d*y 5 B o [ d*Y d®
—d(02)220i (c — 5) + ¢c (d(c2)2 - d(02)3> . (150)

From (147), (148) we obtain:

for Maxwell molecules:

P 5kgT
$qi = W(w — u;) (('v —u)? — - ) ; (151)
for hard spheres:
5P ,  5kpT
i = = s Wi U - - 152
toi = s {0 ) (0 - w2 - 2T (152

<[ (") ot (M 2 +2)

+(v; — u) (v — u)?

« [ (02 st ) (" ) dy} .

The functions o(y), §(y) are of the form

oly) =y’ (1—9?),  6y) =3y*—1. (153)

The parameter 1 from (95) is:

for Maxwell molecules:

9m® (y'™)”

n= W; (154)
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for hard spheres:

2
B _64m? (,ugl's') (155)
T 125 P3 (kpT)2

The dimensionless parameter 7 is of the form

7= [ [pentnEa {2266 6) + o))

Foly)3(2) +0(211(w) + t202(y) + 21(2) ~ 51()(2)

o(y) + 0(2)) +1(2)5) +1W)3(=) + 0 W)3(=) + 0(2)5(0))
FLa?(4 = 105(y) — 109(=) + Z()(2) + 26(0) (156)
(7(2)0(y) +(y)3(2) + 6(y)d(2))

z)) — 5(0(y) + 5(2))) + ga4} dy dz.

len — ~—

+26(z) — bo(y) — bo(z) —
25
4

—~ N

1
+ 0 ( 20+ —(v(y) +
Numerical value of 77! is 0.622 to second decimal point.
Finally, from (151), (153) we obtain 771(102):
for Maxwell molecules

. ()i

for hard spheres

. . 125P*(kgT)?
T =7 18\/’7,(13BH)S5
-3 / By (y){63(1(y) + o (y)

+76(y)(4 = 109(y) + 25(y) — 5o (y)) + 206°(y)
+ B%(y)(257(y) — 106(y) — 40)} dy =~ 4.322. (158)
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Appendix B: Mixed chain

The closure of the mixed hydrodynamic chain with the functions (89) gives
the following system of equations:

Op + 0;(uip) = 0;
p(Oyuy, + w;0puy) + Op P + 0,04, = 0;

2
Oy + 8s(u30'ik) + P (&uk + Opu; — gélkasus)

2
+Ui383uk + aksﬁsui - géikglsﬁsul + Azk = O,

5P 2
0Dk + Ds(sAgy) + — (&-u Y O — 26, 8Sus)
5P ay

+ {_ asus Q;

EaS G — ) Lz O

1 2
+§(C~Ll + d2) <aisasuk + aksasui - gdikalsasul>

1 2
+§(C~Ll + dS) <aisakus + aksaius - gdikalsasul>

i I 9
_I'bl (asus)ﬁzk + (bl + b2) (/Gisasuk + ﬁksasui - géikﬁlsasul>

L. 2
+(b1 + b3) (ﬁisﬁkus + ﬁksaius — g(sikﬂlsasul>}

+ 5P* O B+ oo b = 0: (159)
8V2(plS)2(5-2 — 1) | 8v/27 ik T Aok ¢ = U;
_ 8v/2
Qi =8 o = =5 - 10 D
8V2 B
B =571 A = 7 0 (160)

It is clear from the analysis of distribution functions of the second quasiequi-
librium approximations of the second hydrodynamic chain that in the Grad
moment method the function ®(c?) is substituted by a constant. Finally, let
us note the simplest consequence of the variability of function ®(c?). If yq is
multiplied with a small parameter (Knudsen number Kn equal to the ratio of
the main free path to the characteristic spatial scale of variations of hydro-
dynamic values), then the first with respect to K'n approximation of collision

stress tensor Agg) has the form,

AR =P <aiuk + Ou; — géikasu) (161)
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for Maxwell molecules, and

o _ O
k8254,

P (0,-uk + Oy — %@kas%) (162)

for hard spheres. Substitution of these expressions into the momentum equa-
tions results in the Navier-Stokes equations with effective viscosity coefficients

Heff

ot = pp (163)

for Maxwell molecules and

b = g ltS (164)

for hard spheres. When using ten-moment Grad approximation which does
not distinguish Maxwell molecules and hard spheres, we obtain p.g = pf-S-.
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