6 Newton Method
with Incomplete Linearization

The Newton method with incomplete linearization is developed for solving
the invariance equation. It is the basis of an iterative construction of the
manifolds of slow motions.

6.1 The Method

Let us come back to the invariance equation (3.3),
Ay =(1-F)J(F(y) =0.

One of the most efficient methods to solve this equation is the New-
ton method with incomplete linearization. Let us linearize the vector field J
around F'(y):

J(F(y) +0F(y)) = J(F(y)) + (D) p)0F(y) + o(6F (y)) - (6.1)

Equation of the Newton method with incomplete linearization makes it
possible to determine 0 F(y) from a linear system:

{PyéF(y)zO, (6.2)
(1= Py)(DJ)py)0F (y) = (1 = Py)J(F(y)) - '

The crucial point here is that the same projector P, is used as in the
equation (3.3), that is, the variation of the projector 0P is not computed
(hence, the suggested linearization of equation (3.3) is incomplete). We re-
call that projector P, depends on the tangent space T, = im(DF),. If the
thermodynamic projector (5.25) is used here, then P, depends also on (|) p ()
and on g = (DS) p(y)-

Equations of the Newton method with incomplete linearization (6.2) are
not differential equations in y anymore, they do not contain derivatives of the
unknown 0 F(y) with respect to y (which would be the case if the variation of
the projector 0 P has been taken into account). The absence of the derivatives
in equation (6.2) significantly simplifies its solving. However, even this is not
the main advantage of the incomplete linearization. More essential is the
fact that iterations of the Newton method with incomplete linearization are
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140 6 Newton Method with Incomplete Linearization

expected to converge to slow invariant manifolds, unlike the usual Newton
method (with “complete linearization”).

In order to clarify this feature of the Newton method with incomplete lin-
earization (6.2), let us consider the case of linear manifolds for linear systems.
Let a linear evolution equation be given in the real Hilbert space:

T =Ax,

where A is negative definite symmetric operator with a simple spectrum. The
square of the norm is the Lyapunov function,

S(x) = (x| x).

The manifolds we consider are lines, I(y) = ye, where e is the unit vector,
and y is a scalar. The invariance equation for such manifolds reads:

ele| Ae) —Ae=0,

and it is simply the eigenvalue problem for the operator A. Solutions to the
latter equation are eigenvectors e;, corresponding to eigenvalues \;.

Assume that we choose an initial approximation, that is the line Iy = yeq
defined by the unit vector eq. Let the vector ey be not an eigenvector of A. We
seek another line, 1 = ae;, where e; is another unit vector, e; = @1 /|21,
x1 = eg + dx. The additional condition in (6.2) reads: P,dF(y) = 0, i.e.
(eg | 9) = 0. Then (6.2) becomes

[1—eoleo | )]Aleg+dx] =0.
Subject to the additional condition, the unique solution is as follows:
eo+ox=(ey | A leg) T AT e .
Upon rewriting the latter expression in the eigen-basis of A, we have:

ey + 0y x Z)\;lei@i | eo) .

The leading term in this sum corresponds to the eigenvalue with the mini-
mal absolute value. The example indicates that the method (6.2) seeks the
direction of the slowest relaxation. For this reason, the Newton method with
incomplete linearization (6.2) can be recognized as the basis of iterative con-
struction of the manifolds of slow motions.

In an attempt to simplify computations, the question which always can be
asked is as follows: To what extend is the choice of the projector essential in
the equation (6.2)7 This question is a valid one, because if we accept that it-
erations converge to a relevant slow manifold, and also that the projection on
the true invariant manifold is insensible to the choice of the projector, should
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one care of the projector on each iteration? In particular, for the moment
parameterizations, can one use in equation (6.2) the projector (5.1)? Experi-
ence gained from some of the problems studied by this method indicates that
this is possible. However, in order to derive physically meaningful equations
of motion along the approximate slow manifolds, one has to use the ther-
modynamic projector (5.25). Otherwise we cannot guarantee the dissipation
properties of these equations of motion.

6.2 Example: Two-Step Catalytic Reaction

We consider here a two-step four-component reaction with one catalyst A; =
7 (2.98):
Al +Ay = A3 =As+ A, . (63)

We assume the Lyapunov function of the form (2.86), G = 3>+, ¢i[In(c; /cc%) —
1]. The kinetic equation for the four-component vector of concentrations,
¢ = (c1,c¢2,c3,¢4), has the form

c=y Wi+, Wy . (6.4)
Here v, 5 are stoichiometric vectors,
v, =(-1,-1,1,0), v, =(0,1,-1,1), (6.5)
while functions W o are reaction rates:
Wi = ki cico — ki c3, Wa = kicz — ky cacy . (6.6)

Here ki, are reaction rate constants. The system under consideration has
two conservation laws,

cp+c3+cg =B, co+c3= DBy, (67)

or (by2,¢) = By 2, where by = (1,0,1,1) and by = (0,1, 1,0). The nonlinear
system (6.4) is effectively two-dimensional, and we consider one-dimensional
manifolds of reduced description.

We have chosen the concentration of the specie A; as the variable of
reduced description: M = ¢1, and ¢; = (m,¢), where m = (1,0,0,0). The
initial manifold ¢ = ¢o(M) (i.e. ¢ = ¢o(e1, B, B2)) was taken as the quasi-
equilibrium approximation, i.e. the vector function ¢y is the solution to the
problem:

G — min for (m,¢) = ¢, (by,¢) = By, (ba,¢) = By . (6.8)

The solution to the problem (6.8) can be computed explicitly:
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Col = C1 (69)
co2 = By — ¢(Cl) ,
coz = ¢(c1) ,

coa = B1—c1 — ¢(c1)
(M) = A(c1) — /A%(c1) — Bo(By — 1) ,
Aley) = B2tBi= ) +206362(Ciq tdi—a)
3

The thermodynamic projector associated with the manifold (6.9) reads:

800 660
Pyx = — —(b —(b . 6.10
Om acl(m’x)+aB1( 17m)+aB2( Q,CB) ( )
Computing Ay = (1 — Py)J(cp) we find that it is not equal to zero, and
thus the quasiequilibrium manifold ¢y is not invariant. The first correction,
¢ = ¢p + dc, is found from the linear algebraic system (6.2)

(1 - Py)Lysc = —[1 — Pyld(co) (6.11)
6c1 =0
0c1 +dc3 +dey =0
Scs +6co =0, (6.12)

where the symmetric 4 x 4 matrix L() has the form (we write 0 instead of ¢
in the subscript in order to simplify notations):

;o Wi (¢o) + Wy (eo) yu W3 (co) + Wy (co) 72
0,kl = ~ 1k B 0701 — 2k B) —

6.13
Col ( )

Here we use the self-adjoint linearization'.

The explicit solution ¢;(c1, By, B2) to the linear system (6.11) is easily
found, and we do not reproduce it here. The process was iterated. On the
k + 1 iteration, the following projector P} was used:

6ck

de
Pkw = — aBQ

0
k(m7w) + a—;kl(bl,:l:) +

e (b, ) . (6.14)

Note that projector Py, (6.14) is thermodynamic only if £ = 0. In the process
of finding the corrections to the manifold, the non-thermodynamic projectors
are allowed (we should return to the thermodynamic projector for projection
of the vector field onto ansatz manifold). The linear equation at the k + 1
iteration is thus obtained by replacing ¢y, Py, and L; with ¢y, Py, and L},
in all the entries of (6.11) and (6.13).

! The self-adjoint linearization was introduced in Chap. 2 (2.33), more detailed
discussion follows in Chap. 7 (7.15)
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Once the manifold ¢, was obtained on the kth iteration, we derived the
corresponding dynamics by introducing the corresponding thermodynamic
projector. The resulting dynamic equation for the variable ¢; in the kth
approximation has the form:

(VG |, 0c/de1)ér = (VG |, T(er)) - (6.15)

Here [VG ’ck]i = In[egi/c}9).
Analytic results were compared with the results of the numerical integra-
tion of the system (6.4). The following set of parameters was used:

ki =1.0, k;y =0.5, kf =04, k; =1.0;
1P =05, g1=0.1, 57=0.1, ¢ =04,
By =10, B, =02.

Figure 6.1 demonstrates the quasi-equilibrium manifold (6.9) and the first
two corrections. It should be stressed that we spent no special effort on the
construction of the initial approximation, that is, of the quasi-equilibrium
manifold, have not used any information about the Jacobian field (unlike,
for example, the ILDM [93] or CSP [90] methods) etc. The initial quasi-
equilibrium approximation is in a rather poor agreement with the reduced
description. Therefore, it should be appreciated that the further corrections

Cy
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Fig. 6.1. Images of the initial quasi-equilibrium manifold (bold line) and the first
two corrections (solid normal lines) in the phase plane [c1, ¢3] for two-step catalytic
reaction (6.3). Dashed lines are individual trajectories
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rapidly improve the situation while no small parameter considerations were
used. This confirms our expectation of the advantage of using the iteration
methods instead of methods based on a small parameter expansions for model
reduction problems.

6.3 Example: Non-Perturbative Correction
of Local Maxvellian Manifold

and Derivation of Nonlinear Hydrodynamics
from Boltzmann Equation (1D)

We apply here the method of invariant manifold to a particularly impor-
tant situation when the initial manifold consists of local Maxwellians (5.49)
(the LM manifold). This manifold and its corrections play the central role in
the problem of derivation of hydrodynamics from the Boltzmann equation.
Hence, any method of approximate investigation of the Boltzmann equation
should be tested with the LM manifold. Classical methods (the Chapman-
Enskog and Hilbert methods) use Taylor-type expansions into powers of a
small parameter (the Knudsen number expansion). However, as we have men-
tioned above, the method of invariant manifold, generally speaking, assumes
no small parameters, at least in its formal part where convergency properties
are not discussed. We shall develop an appropriate technique to consider the
invariance equation of the first iteration. This technique involves ideas of the
parametrix expansion of the theory of pseudodifferential and Fourier integral
operators [249,250]. This approach will make it possible to avoid using small
parameters.

We seek a correction to the LM manifold in the form (dependence of
velocity v will be not displayed whenever possible):

filn,w, T) = fo(n,u,T)+ 6 f1(n,u,T) . (6.16)

We use the Newton method with incomplete linearization for obtaining the
correction d f1(n,u,T), because we are interested in a manifold of slow (hy-
drodynamic) motions. We introduce the representation:

d0f1(n,u,T) = fo(n,u, T)p(n,u,T) . (6.17)

6.3.1 Positivity and Normalization

When seeking corrections, we should be ready to face two problems that
are typical for any method of successive approximations in the Boltzmann
equation theory. Namely, the first of this problems is that the correction

ka+1 = ka + 6f-Qk+1
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obtained from the linearized invariance equation of the k4 1-th iteration may
be not a non-negatively defined function and thus it cannot be used directly in
order to define the thermodynamic projector for the k + 1-th approximation.
In order to overcome this difficulty, we can treat the procedure as a process
of correcting the dual variable py = DyH(f) rather than the process of
immediate correcting the distribution functions.

The dual variable p¢ is:

15l g s,y = PrHD ppa,0) = DrHa(f)] o pia, o) = 0 f(0,2) . (6.18)

Then, at the k + 1-th iteration, we obtain a new dual variable Mf‘nk-f—l:

nrlo, . = nelg, +onslg,,, - (6.19)

Due to the relationship py «+— f, we have:
5:u‘f|_()k+1 = P2kt + O(af?lkﬂ)? P21 — f§:5f9k+l . (6'20)

Thus, solving the linear invariance equation of the k-th iteration with respect
to the unknown function 0fq,,,, we find a correction to the dual variable
©0,,.,(6.20), and we derive the corrected distributions fo, ., as

f-Qk+1 = eXp(Nf|Qk + SO-Qk-{-l) = f-Qk exp(<pﬂk+1) : (621)

Functions (6.21) are positive, and they satisfy the invariance equation and
the additional conditions within the accuracy of ¢q, . .

However, the second difficulty which might occur is that functions (6.21)
might have no finite moments (5.43). In particular, this difficulty can be a
result of some approximations used in solving equations. Hence, we have to
“regularize” the functions (6.21) in some way. A sketch of an approach to do
this regularization is as follows: instead of fo, , (6.21), we consider functions:

1) = fapexp(@a,,, +¢"4(9)) . (6.22)

Here ¢™8(3) is a function labeled with 8 € B, and B is a linear space. Then
we derive (3, from the condition of matching the macroscopic variables.

For example, corrections to the LM distribution in the Chapman-Enskog
method [70] and the thirteen-moment Grad approximation [201] are not non-
negatively defined functions, while the thirteen-moment quasiequilibrium ap-
proximation [224] has no finite integrals (5.42) and (5.43).

6.3.2 Galilean Invariance of Invariance Equation

In some cases, it is convenient to consider the Boltzmann equation vector field
in a reference system which moves with the flow velocity. In this reference
system, we define the Boltzmann equation vector field as:
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af o odfof of
e 7+um,3(f)axs ;

Ju(f) = _(Us_uw,‘?(f)) (fvf) . (6~23)

Here ug s(f) stands for the s-th component of the flow velocity:

o) =) [ 0.0(0,2) 205 na(F) = [ f0.2)d (6.24)

In particular, this form of the Boltzmann equation vector field is convenient
when the initial manifold {2y consists of functions fp, which depend explicitly
on (v—ug(f)) (i.e., if functions fo, € £2y do not change under velocity shifts:
v — v + ¢, where ¢ is a constant vector). This is also the case of the LM
manifold.

Substituting J, (f) (6.23) instead of J(f) (5.44) into all expressions which
depend on the Boltzmann equation vector field, we transfer all procedures
developed above into the moving reference system. In particular, we obtain
the following invariance equation of the first iteration for a general locally
finite dimensional initial approximation fy(a(x),v):

(Pl () = Vg i a(e) (0f1(a(@),v)) + Afo(a(x),v)) =03 (6.25)

where
T iy () = {nml(fo(a(w))) [vgare

+ taa(fola())ny (o(al@)) [ 9d3”} W

— (00 =t (o(a@) L+ Lfatwr(9):
Afola(@),v)) = (P () — Dulfola(@), v)) -

Here a(x) are coordinates on the manifold at the given space point x, P;(m)
is the corresponding thermodynamic projector. Additional conditions do not

depend on the vector field, and thus they remain valid for equation (6.25).

6.3.3 Equation of the First Iteration

The equation of the first iteration in the form of (6.20) for the correction
p(n,u,T) is

dfo(n,u,T
{Pfo(n u T) - 1} { Vs — us % + fO(na U’T)Lfo(n,u,T)(@)

_(Us - us)w - n_l(fO(n7u’T)) (/ Ust(nv’U’?T)@dSv

8f0(n,u,T)} _ 0.

o (6.26)

fufoln 7)) [ fo(n7u7T)<Pd3v>
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Here Pjy(nu,7) is the thermodynamic projector on the LM manifold and
Jo(n, w, T) L, (nu,1) () is the linearized Boltzmann collision integral:

folr . D)L i) = [ (0,01 0,00)foln,w. 7)
x {¢' + ¢} — 1 — ¢} PP’ PP BBy . (6.27)
Additional condition for equation (6.26) has the form:

Py (foln,u, T)p) = 0. (6.28)

In detail notation:
/1 < fo(n,u, T)pdv = 0, /vifo(n,u,T)god% =0,i=1,2,3,
/vao(n,u,T)ga dv=0. (6.29)
Eliminating in (6.26) the terms containing
/vsfo(mu,T)god?"v and /fo(n,u,T)god?’v

with the use of (6.29), we obtain the following form of equation (6.26):

0
{Pfo(n,u,T)(') - 1} ((vs — Ug)f()(gi;;:m (630)
=+ fO(nvuaT)Lfo(n,u,T)(SO) - (US - us)W) =0.

In order to address the properties of equation (6.30), it proves useful to
introduce real Hilbert spaces G'f,(n w,7) With scalar products:

(01) fomu) = / foln,u, T do | (6.31)

Each Hilbert space is associated with the corresponding LM distribution

fo (’ﬂ, u, T)
The projector Py, (1) (5.55) is associated with a projector Iy, . 1)
which acts in the space G, (nu,1):

Hfo(n,u,T) (90) = fo_l(na u, T)Pfo(n,u,T) (fO (T’L, u, T)‘P) . (632)

It is an orthogonal projector, because

4
_ (s) (s)
Hfg(n;u.,T) (‘P) - Z ’L/)fo(nﬂqu) (,(/)fo(n,u,T)’ L)O)fo(n,u,T) . (633)
s=0
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Here w)(“z)(n,u,T) are given by the expression (5.57).

We can rewrite the equation of the first iteration (6.30) in the form:

Lfo(n,u,T)(QO) + Kfo(n,u,T)(So) = ng(n,u,T) . (634)

Notations used here are:
Dfo(n,u,T) = fo_l(n,u,T)A(fo(n,u,T)) ; (635)

a i aT
Kfo(n,u,T)(@) _ {Hfo(n,u,T)(') _ 1} fo_l(n’ u, T)(vs — US)W .

The additional condition for equation (6.34) is:

(W oy @) fomanr) = 0,8 =0, 4. (6.36)

We list now the properties of the equation (6.34) for usual collision
models [70]:

(a) The linear integral operator L, (.« 1) is self-adjoint with respect to the
scalar product (-, ) f,(n,u,1), and the quadratic form (¢, L, (n,u,1)()) is
negatively definite in imZL g 1)

(b) The kernel of Lg,(y,u,r) does not depend on fo(n,u,T), and it is the
linear hull of the polynomials ¥y = 1,%; = v;,4 = 1,2, 3, and 9, = v2.

(c) The right hand side Dy, (., 1) is orthogonal to ker Ly, 1) in the sense
of the scalar product (-, )¢, (n,u,1)-

(d) The projection operator Ilf,(,.,r) is the self-adjoint projector onto
kerLfo(n,u,T):

sty (#) € kerLyg (1) (6.37)

Projector I, (. 1) Projects orthogonally.

(e) The image of the operator Ky, o, 1) is orthogonal to kerLy (o 1)

(f) Additional condition (6.36) requires the solution of equation (6.34) to be
orthogonal to kerLy,(y w,T)-

These properties result in the necessary condition for solving the equation

(6.34) with the additional constraint (6.36). This means the following: equa-
tion (6.34), provided with constraint (6.36), satisfies the condition which is
necessary to have the unique solution in imZL g,y v, 1)-
Remark. Because of the differential part of the operator Ky, u 1), We are
not able to apply the Fredholm alternative to obtain the necessary and suf-
ficient conditions for solvability of equation (6.36). Thus, the condition men-
tioned here is, rigorously speaking, only the necessary condition. Neverthe-
less, we shall continue to develop a formal procedure for solving the equation
(6.34).

To this end, we paid no attention to the dependence of functions, spaces,
operators, etc, on the space variable x. It is useful to rewrite once again
the equation (6.34) in order to separate the local in @ operators from the
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differential operators. Furthermore, we shall replace the subscript fo(n, uw,T)
with the subscript « in all the expressions. We represent (6.34) as:

0
Aloc(ma 'U)SD - Adiff (ma %a ’U) Y = 7D(m? 'U) ;

Apoe(®,v)p = —{La(v)p + (Iz(v) — Drap} 5
Aqigr (ﬂc ai:’”) o= (ITy(-) - 1) ((vs — us)ais¢> ;
Ma(v)g =" 0P W, g) ;

s=0

U =02 0 = 2fn) e (@), 8= 1,23,

UL = (2/3m) 2 (X (@, ) = 3/2); il v) = (m/2ksT(@)" /2 (00— wi(a)
dnn  m Ou; m(v—u)® 3\ IdnT

e (o) (G4 g gt + ) %)

Do) = {("Gg 5) G

2kpT 2

m

e (o= e =) - 3o - w?) 52 (6:39)

Here we have omitted the dependence on « in the functions n(x), u;(x), and
T(x). Further, if no confusion might occur, we always assume this depen-
dence, and we shall not indicate it explicitly.

The additional condition for this equation is:

() =0. (6.39)

Equation (6.38) is linear in ¢. However, the main difficulty in solving this
equation is caused by the differential in @ operator Agg which does not
commute with the local in @ operator Ajqe.

6.3.4 Parametrix Expansion

In this subsection we introduce a method to construct approximate solu-
tions of equation (6.37). This procedure involves an expansion similar to the
parametrix expansion in the theory of pseudo-differential (PDO) and Fourier
integral operators (FIO).

Considering ¢ € imL,, we write a formal solution of equation (6.38) as:

o, v) = (Aloc(m,v) — Aaist <az ai:’”))_l (=D(z,v)) (6.40)

It is useful to extract the differential operator % from the operator

Adiﬁ'(xv %7’0):
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-1
olx,v) = (1 — By(x,v) 8ig> Ploc(x,v) . (6.41)
Notations used here are:
Proc(@,v) = Ao (@,v)(~D(z,v))
= [~La(v) = (Hz(v) = Vry]H(=D(x,v)) ;
By(z,v) = AL Yz, v)(ITx(v) — 1) (vs — uy) (6.42)

loc

= [La(v) = (a(v) — Vre] ™ (o (v) = 1)(vs — us) -

We shall now discuss in more details the properties of the terms in (6.42).
For every x, the function ¢j.(x,v), considered as a function of v, is an
element of the Hilbert space G. It gives a solution to the integral equation:

— L (v)¢p10c — (Iz(v) = 1)(Twp10c) = (=D(x,v)) (6.43)

This latter linear integral equation has the unique solution in imZL,(v). In-
deed,

ker A

loc

(x,v) = ker(Lg(v) + (IT,(v) — 1)rg) ™
— ker(La(0)* (Yker((Ta(v) — 1)ra)*
= ker(La (0))* [\ ker(ra(IT(v) — 1)),
and Gp mﬂw(v)Gm = {0} . (6.44)
Thus, the existence of the unique solution of equation (6.43) follows from the

Fredholm alternative.

Let us consider the operator R(z, -2

’ OX

R (ac 8(1,'0) = <1 —Bs(:c,'u)ais) - . (6.45)

One can represent it as a formal series:

R (a;,ai,v> = i {Bs(m,v)aijm . (6.46)

m=0

v):

Here

0
0xg

0
Ors,

.Bs, (x,v) (6.47)

[Bs(w,v) r = By, (z,v)

Oz,

Every term of the type (6.47) can be represented as a finite sum of operators
which are superpositions of the following two operations: of the integral in v
operations with kernels depending on @, and of differential in & operations.
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Our goal is to obtain explicit representation of the operator R(zx, %7 v)
(6.45) as an integral operator. If the operator Bg(x,v) would not depend
on x i.e., if no dependence on spatial variables would occur in kernels of
integral operators, in Bs(x,v)), then we could reach our goal via the usual
Fourier transform. However, operators B(zx, v) and % do not commute, and
thus this elementary approach does not work. We shall develop a method to
obtain the required explicit representation using the ideas of PDO and IOF
technique.

We start with the representation (6.46). Our strategy is to transform every
summand (6.47) in order to place integral in v operators Bs(x,v) on the left
of the differential operators %. The commutation of every pair %Bs(w, v)
yields an elementary transform:

O Bo(2,v) = Bu(@v) L

iy, Bon [Bs(%v),a] : (6.48)

axk
Here [M,N] = MN — NM denotes the commutator of operators M and N.
We can represent (6.47) as:

o 1" 0 0
[Bs(a:,v)ax] :le(a:,v)...Bsm(:v,v)aT...aT

20 (|Bu@o ;2]) (6.49)

Here O([Bs, (x,v), %]) denotes the terms which contain one or more pairs
of brackets [-, -]. The first term in (6.49) contains no brackets. We can continue
this process of selection and extract the first-order in the number of pairs of
brackets terms, the second-order terms, etc. Thus, we arrive at the expansion
into powers of commutator of the expressions (6.47).

In this section we consider explicitly the zeroth-order term of this commu-
tator expansion. Neglecting all the terms with brackets in (6.49), we write:

(6.50)

. Sm

a1 0 0
Bs(x,v)=—| = Bs,(x,v)...B JU)— e .
5.0 ax] @v) B o)
Here the subscript zero indicates the zeroth order with respect to the number
of brackets.

1o}

We should now substitute expressions [B,(x,v)52-]5" (6.50) instead of

expressions [B,(z,v)52-]™ (6.47) into the series (6.46):

Ry <:c gm,v) = ,,i [Bs(m,v)ais]m . (6.51)

0

The action of every summand (6.50) might be defined via the Fourier trans-
form with respect to spatial variables.
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Denote as F' the direct Fourier transform of a function g(x,v):

Fg(x,v) = §(k,v) = /g(w,'u) exp(—ikszs) dPax . (6.52)

Here p is the spatial dimension. Then the inverse Fourier transform is:
oz, v) = F4(k, v) = (27)7 / ik, v) explikers) APk . (6.53)

The action of the operator (6.50) on a function g(x,v) is defined as:

{Bs(w,v)ais]o g(z,v)
- <351($vv)-~~Bsm(w,v)£Sl--- 832,,") (2w)*p/g(k,v)eiksws Pk
= (27T)_p/exp(iksxs)[z’lel(w,v)]m (k,v)d"k . (6.54)

Taking into account (6.54) in (6.51) yields the following definition of the
operator Ry:

Rog(,v) = (zw)—P/eikszsu kB, v) gk, 0) Pk . (6.55)

This is the Fourier integral operator (note that the kernel of this integral
operator depends on k and on «). The commutator expansion introduced

above is a version of the parametriz expansion [249, 250], while expression

6.55) is the leading term of this expansion. The kernel (1 —ik;B;(x,v)) ! is
(6.55) g p ( 1Bi(z, v))

called the main symbol of the parametriz.
The account of (6.55) in the formula (6.41) yields the zeroth-order term
of parametrix expansion yo(z,v):

wo(z,v) = F1(1 —ikyBy(x,v)) " Foroc - (6.56)

In detail notation:

wolx,v) = (2m)~ //exp Ys))

X (1 = iks[~La(v) = (Tz(v) = ra] ™ (Ta(v) = 1)(vs — us(@))) ™
X[=Ly(v) = (Iy(v) = 1)ry] "' (=D(y, v)) d"y &k . (6.57)

We shall now list the steps to calculate the function ¢g(xz,v) (6.57).
Step 1. Solve the linear integral equation

[~ L (v) — (T (v) — D)rg]@ioc(®, v) = —D(z,v) . (6.58)

and obtain the function ¢ (, v).



6.3 Example: Non-Perturbative Correction of Local Maxwellian Manifold 153

Step 2. Calculate the Fourier transform ¢oc(k, v):

Groclle, v) = / roc (Y, v) exp(—iksys) dPy | (6.59)

Step 3. Solve the linear integral equation

[_ALE v) — (z(v) — 1)(rg + iks(vs — us(x))]Po(x, k,v) = —D(x, k,v) ;
—D(x,k,v) = [ Lg(v) — (I (v) — D)rg|droc(k, v) . (6.60)

and obtain the function ¢o(z, k,v).
Step 4. Calculate the inverse Fourier transform ¢g(x,v):

wo(x,v) = (27r)_p/(ﬁo(nk,v)exp(ikzsxs) dPk . (6.61)

Completing these four steps, we obtain an explicit expression for the zeroth-
order term of parametrix expansion ¢g(x, v)(6.56).

As we have already mentioned it above, equation (6.58) of Step 1 has the
unique solution in imZL4(v). Equation (6.60) of Step 3 has the same property.
Indeed, for every k, the right hand side ff)(a:, k,v) is orthogonal to imIT,(v),
and thus the existence and the uniqueness of the formal solution ¢o(x, k,v)
follows again from the Fredholm alternative.

Thus, in Step 3, we obtain the unique solution ¢g(x, k,v). For every k,
this is a function which belongs to imL,(v). Because the LM distribution
fo(z,v) = fo(n(x),u(x), T(x),v) has no explicit dependency on x, we see
that the inverse Fourier transform of Step 4 gives ¢g(x,v) € imL,(v).

Equations (6.58)—(6.61) provide us with the scheme of constructing the
zeroth-order term of parametrix expansion. Closing this section, we outline
briefly the way to calculate the first-order term of this expansion.

Consider a formal operator R = (1 — AB)~!. Operator R is defined by a
formal series:

R= f: (AB)™ . (6.62)
m=0

In every term of this series, we want to place operators A on the left to
operators B. In order to do this, we have to commute B with A from left to
right. The commutation of every pair BA yields the elementary transform,
BA — AB — [A, B], where [A, B] = AB — BA. Extracting the terms with no
commutators [A, B] and with a single commutator [A, B], we arrive at the
following representation:

R = Ry + Ry + (terms with more than two brackets) . (6.63)

Here
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oo

Ry = Z A"B™ (6.64)
m=0
o0 o0
R, = Z > iA™TA,BJAT BT B (6.65)
m=2 i=2

Operator Ry (6.64) is the zeroth-order term of parametrix expansion derived
above. Operator Ry (the first-order term of parametriz expansion) can be
represented as follows:

Ry = — i mA™[A, B] (i AiBi> B™ = — i mA™CB™
m=1 =0

m=1

C = [A,BIR, . (6.66)

This expression can be considered as an ansatz for the formal series (6.62),
and it gives the most convenient way to calculate R;p. Its structure is similar
to that of Ry. Continuing in this manner, we can derive the second-order
term Ro, etc.

In the next subsection we shall consider in more detail the zero-order term
of parametrix expansion.

6.3.5 Finite-Dimensional Approximations
to Integral Equations

Dealing further only with the zeroth-order term of parametrix expansion
(6.57), we have to solve two linear integral equations, (6.58) and (6.60). These
equations satisfy the Fredholm alternative, and thus they have unique solu-
tions. After the problem is reduced to solving linear integral equations, we
are at the same level of complexity as in the Chapman-Enskog method. The
usual approach is to replace integral operators with some appropriate finite-
dimensional operators.

First we remind some standard objectives of finite-dimensional approxi-
mations, considering equation (6.58). Let p;(x,v), where i = 1,2,..., be a
basis in imLg(v). Every function ¢(x,v) € imL,(v) can be represented in
this basis as:

zal 2)pi(@.v);a:(@) = (p(@,v). (@, 0)s . (6.67)

Equation (6.58) is equivalent to an infinite set of linear algebraic equations
with respect to unknowns a;(x):

kai(w)ai(a:) = dip(x), k=1,2,... . (6.68)
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Here

mki(w) = (pk(w7'v>7AIOC(wvv)pi(w7U))m )
di(x) = —(pr(z,v), D(®,v))s . (6.69)

For a finite-dimensional approximation of equation (6.68) we use a projection
onto a finite number of basis functions p;(x,v),i = i1,...,4,. Then, instead
of (6.67), we search for the function ¢gy:

fin(z,v) = Zais (x)p;. (x,v) . (6.70)
s=1

Infinite set of equations (6.68) is replaced with a finite set of linear algebraic
equations with respect to a;_(x), where s = 1,...,n:

mel (x)a;, (x)=d; (x), s=1,...,n. (6.71)
=1

There are no a priori restrictions upon the choice of the basis, as well as upon
the choice of its finite-dimensional approximations. Here we use the standard
basis of irreducible Hermite tensors (see, for example, [112,201]). The simplest
finite-dimensional approximation occurs if the finite set of Hermite tensors is
chosen as:

pr(®,v) = (2, 0) (P (2, 0) = (5/2)),k =1,2,3;
pij(x,v) = ¢i(x,v)cj(z,v) — %(5¢jc2(w,v), 1,j=1,2,3;
ci(z,v) = vt (@) (v — ui(x)), vr(x) = (2kpT(x)/m)/?. (6.72)

It is important to stress here that “good” properties of orthogonality of Her-
mite tensors, as well as of other similar polynomial systems in the Boltzmann
equation theory, have the local in & character, i.e. when these functions are
treated as polynomials in ¢(x, v) rather than polynomials in v. For example,
functions py(x, v) and p;;(x, v)(6.72) are orthogonal in the sense of the scalar
product (-, ")g:

(pk(337 v)apij ("Ba v))m o8 /6762(m’v)pk(ma 'U)pij (.’13, ’U) dgc(ma ’U) =0. (673)

On the contrary, functions py(y,v) and p;;(z,v) are not orthogonal neither
in the sense of the scalar product (-, -),, nor in the sense of the scalar product
(*y "), if y # . This distinction is important for constructing the parametrix
expansion. Further, we omit the dependencies on « and v in the dimensionless
velocity ¢;(x,v)(6.72) if no confusion might occur.

In this section we consider the case of one-dimensional in @ equations.
We assume that:
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up(e) =u(ry), ua=uz3=0, T(x)=T(x1), n(x)=n(r1). (6.74)

We write z instead of 27 below. Finite-dimensional approximation (6.72)
requires only two functions:

p3(z,v) = 3 (z,v) — %c%x,v) . pa(z,v) = ci(z,v)(A(z,v) — (5/2),
cr(z,v) = vt (@) (v —u(2)), cas(r,v) =vpt (2)vas (6.75)

We shall now perform a step-by-step calculation of the zeroth-order term
of the parametrix expansion, in the one-dimensional case, for the finite-
dimensional approximation (6.75).

Step 1. Calculation of vioc(x,v) from equation (6.58).

We seek the function ¢oc(z, v) in the approximation (6.75) as

Ploc(2,v) = aloc(@)(c] = (1/3)c?) + bioc()er (¢ = (5/2)) - (6.76)

Finite-dimensional approximation (6.71) of integral equation (6.58) in the
basis (6.75) yields:

m33(2)aloc () + Mas(T)bloc () = doc(T) 3
m43(x)aloc($) + m44(x)bloc(z) = ﬂloc(x) . (677)

Notations used are:
110u 27 6u .

mas(x) = n(z)A\s(x) + e mag(x) = n(z)\y(z) + 1o

vr(x) alnn_'_E[“)lnT _
3 oz 2 Oz )’

maa(z) = mas(z) =

1 —c (x, v
Naalz) = —m/e @)y 4(2, 0) L (0)p3 a(, v) e, v) > 0

2 0u 5 onT

aloc(x) = _§% 5 ﬁloc(ZE) - _7’UT( ) ox

Parameters A\3(z) and A\4(z) are easily expressed via the so-called Enskog
integral brackets, and they are calculated in [70] for a wide class of molecular
models.

Solving equation (6.77), we obtain coefficients ajoc() and bjoe(x) in the
expression (6.76):

(6.78)

Bloc(x) .
Z(x,0) "’
Jmas(x) — Broc(x)maa(z) ;
Bioe () = Broc(x)maz(x) — coc(r)mss() ;
2 Ou 27 Ou 5 ,0In Olnn 110InT
(”A+4a> 12" o (630 Ty 3x>

\ +Eau lfl o 81nn+EalnT 2
A3 9 Ox 43 9 ox 2 Ox

bioc = ({E 0) m33( )m44(x) - m§4(x) )
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5 O0InT )\+171@ +g % 8lnn+L131nT
A3 9 Ox 9UT(935 ox 2 Oz

11 0u 270u\ w3 (dlnn  110WmT\> '
s+ g ) (it T ) - +—

9 T 2
(6.79)

These expressions complete Step 1.

Step 2. Calculation of Fourier transform of vi..(x,v) and its expression
in the local basis.

In this step we make two operations:

(i) The Fourier transformation of the function @joc(z,v):
“+o0
Prc(o)= [ exp(=iky)rc(,0) dy (6.:80)
(ii) The representation of @i (k, v) in the local basis {pg(z,v), ..., ps(x,v)}:
pO(xa ’U) =Lp (:L', ’U) :Cl(xv v)aPZ(xa ’U) :CQ(xv ’U) - (3/2) ) (681)
p3(z,v)=c(z,v) — (1/3)c(z,v), pa(x, v) =c1 (z,v)(P(x,v) — (5/2)) .
Operation (ii) is necessary for completing Step 3 because there we deal

with z-dependent operators. Obviously, the function @joc(k,v) (6.80) is
a finite-order polynomial in v, and thus representation (ii) is exact.

We obtain in (ii):

4
Proc(, k,0) = Proc(x, b, c(x,v)) = Y hilz, k)pi(x,v) . (6.82)
i=0
Here .
hi($7 k) = (pi(xa v),pi(l'7 v));z(QZDIOC(k’ ’U),pi(l“, ’U))x . (683)
Let us introduce notations:
u(z) —u
9= 0(z,) = (T@)/TENY?, 7=y = L) (5
UT(?/)
Coefficients h;(z, k)(6.83) have the following explicit form:
A~ +OO
hi(x, k) = / exp(—iky)hi(x,y) dy; hi(z,y) = Z~(y,0)gi(z,y)
—00

5 2
90(,y) = Boe(y) (v + 57(192 -1)+ gAloc(y)vz ;

5 4
91(2,y) = Bioc(y) (30 + 519(192 = 1)+ 3 A1) ;

5
92(z,y) = gBloc(y)ﬂQW ;

gs (IZ’, y) = Bloc(y)Qﬂ’Y + Aloc(y)ﬁ2 ;
94(x,y) = Buoe(y)?” . (6.85)
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Here Z(y,0), Bioc(y) and Ajoe(y) are the functions defined in (6.79)
Step 3. Calculation of the function ¢o(z, k,v) from equation (6.60).
Linear integral equation (6.60) is similar to equation (6.58). We search
for the function ¢g(z, k, v) in the basis (6.75) as:

ooz, k,v) = ao(x, k)ps(z,v) + bo(z, k)ps(x,v) . (6.86)

Finite-dimensional approximation of the integral equation (6.60) in the basis
(6.75) yields the following equations for unknowns ag(z, k) and bo(z, k):

m33($)&0($, k’) + {m34(x) + ;ZkUT({,E):| 80(1‘, k) = do(x, k) N

[Tn43($)-+ ;ikvq(aﬂ] ao(x, k) + mas(x)bo(x, k) = Bo(x, k) . (6.87)

Notations used here are:
bo(z, k) = mas()hs(x, k) + msa(2)ha(z, k) + 3o (2, k) ; (6.88)
Bo(x, k) = maz(x)hs(z, k) + mas(x)halz, k) + 85(x, k) ;
“+o0o
Sap(x, k) = / exp(—iky)sa, gz, y) dy ;

Odlnn onT
(2) (850 +t2— ) ha(z,y) (6.89)

Sa(x7y) = gvT

_,_g@(ho(x,y) + 2h2($, y)) )

30z
5 Jlnn OolnT
sate0) = Jor(e) (Ghate.n) + BT Ghate ) + hole )

20u
—h .
+ 7 l(xvy)
Solving equations (6.87), we obtain functions ag(z, k) and by (x, k) in (6.86):

bo(z, k)Ymas(z) — Bo(x, k) (mas(z) + Likvr ()

o, k) = Z(z, Yikor(2)) ;
b, ) — ol Rmas (@) ;%22(22;252233(x)<+-éikvr(x)) 690)
Here
Z(, éiva(m)) _ Z(w,0)+ @) %iva(x)mM(x)

9
110u 270u
= (o o) (e 7))
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9 oxr * 20z

Eoi(z) 2. 4 Olnn  110InT

9 9
Step 4. Cualculation of the inverse Fourier transform of the function

@0 (l‘, k’, ’U).
The inverse Fourier transform of the function ¢g(x, k,v) (6.86) yields:

3 (x) (811171 118111T>2

+

wo(z,v) = ap(x)ps(z,v) + bo(x)ps(z,v) . (6.92)
Here
1 ftee
ap(z) = %/_ exp(ikax)ag(x, k) dk |
bo(z) = % /_+<><> exp(ikx)bo(z, k) dk . (6.93)

Taking into account expressions (6.79), (6.90)—(6.91), and (6.85), we obtain
finally the explicit expression for the finite-dimensional approzimation of the
zeroth-order term of parametriz expansion (6.92):

+oo +oo
o) =5 [ dy [ dbexpib(a )2 giker (2)
X {2, 0)hs(,9) + [50 (2, y)maa() — sp(z, y)maa(2)

—%iva(x)[m34(x)h3(x, y) +maa(z)ha(z,y) + sp(z, y)]} ;

+oo +oo
o) = o [ dy [ dkexplik(e — )2 o, gikor(o)
x{Z(x,0)hs(z,y) + [Sﬂ(xay)m%(ﬂf) — sa(z,y)mza(x)]

—%iva(x)[m34(x)h4(;v, y) + masz(z)hs(z,y) + sa(z, y)]} . (6.94)

6.3.6 Hydrodynamic Equations

Now we discuss the utility of obtained results for hydrodynamics.
The correction to the LM manifold fo(n,w,T)(5.49) has the form:

fi(n,u, T) = fo(n,u, T)(1 + ¢o(n,u,T)) (6.95)

Here the function ¢g(n,w,T') is given explicitly by expressions (6.92)—(6.94).

The usual form of closed hydrodynamic equations for n,w, and 7', where
the traceless stress tensor o, and the heat flux vector ¢; are expressed via
hydrodynamic variables, will be obtained if we substitute the function (6.95)
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into balance equations of the density, of the momentum, and of the energy. For
the LM approximation, these balance equations result in the Euler equation
of the nonviscid liquid (i.e. o1 (fo) = 0, and ¢;(fo) = 0). For the correction f;
(6.95), we obtain the following expressions of o = 0., (f1) and ¢ = ¢, (f1) (all
other components are equal to zero in the one-dimensional situation under
consideration):

1 5
o=3nan, ¢= ano . (6.96)

Here ap and by are given by expression (6.94).

From the geometrical viewpoint, hydrodynamic equations with the stress
tensor and the heat flux vector (6.96) have the following interpretation: we
take the corrected manifold £2; which consists of functions f; (6.95), and we
project the Boltzmann equation vectors J,,(f1) onto the tangent spaces T',
using the quasiequilibrium projector Py, (5.55).

6.3.7 Nonlocality

Expressions (6.94) include nonlocal spatial dependence, and, hence, the cor-
responding hydrodynamic equations are nonlocal. This nonlocality enters
in two different ways. The first source of nonlocality might be called a
frequency-response nonlocality, and it enters through explicit non-polynomial
k-dependence of integrands in (6.94). This latter dependence has the form:

e A(z,y) + ikB(z,y)
—oo Ol,y) +ikD(z,y) + k2 E(x,y)

exp(ik(z —y))dk . (6.97)

Integration over k in (6.97) can be completed via auxiliary functions.

The second type of nonlocal contributions might be called correlative
nonlocality, and it is due to the terms (u(z) — u(y)) (the difference of flow
velocities in points « and y) and via T'(z) /T (y) (the ratio of temperatures in
distant points x and y).

6.3.8 Acoustic Spectra

The frequency-response nonlocality in hydrodynamic equations is relevant to
small perturbations of the uniform equilibrium. The stress tensor o and the
heat flux ¢(6.96) are:

ou’ o*T
o= —(2/3)710TOR <268§ — 3628§2> N

! 2
q=—(5/0)T*noR (352? - (8/5)52(;5;> . (6.98)

Here
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2
R= <1 —(2/5) 28652> —1. (6.99)

In (6.98), we have expressed parameters A3 and A4 via the viscosity coeffi-
cient p of the Chapman-Enskog method [70] (it is easy to see from (6.78)
that A3 = Ay oc u~! for spherically symmetric models of a collision), and
we have used the following notations: Ty and ng are the equilibrium tem-
perature and density, £ = (77T01 / 2)_171036 is the dimensionless coordinate,
n = p(To)/To, v = To_l/2§u, T = 6T /Ty, n’ = dn/ng, and du, 0T, dn are the
deviations of the flux velocity, of the temperature and of the density from
their equilibrium values ©v = 0,7 = Ty and n = ng. We also used the system
of units with kg = m = 1.

In the linear case, the parametrix expansion degenerates, and its zeroth-
order term (6.61) gives the exact solution to equation (6.38).

The dispersion relationship for the approximation (6.98) is:

w? + (23k? /6D)w? + {k* + (2k*/D?) + (8k°/5D?)} w + (5k*/2D) = 0 ;
D=1+ (4/5)k*. (6.100)

Here k is the wave vector.

The acoustic spectrum given by the dispersion relationship (6.100) con-
tains no nonphysical short-wave instability, unlike the Burnett approximation
(Fig. 6.2). The regularization of the Burnett approximation [43,44] gives a
similar result. Both of these approximations predict a limit of the decrement
Rew for short waves. These issues will be addressed in more detail in Chap. 8.

6.3.9 Nonlinearity

Nonlinear dependence on %, on alar;T’ and on ‘9}9% appears already in the
local approximation ¢j,(6.79). In order to outline some features of this non-
linearity, we represent the zeroth-order term of the expansion of aj.(6.79)

into powers of alar;T and 815571:
2 0u 110u) " OlnT Jlnn
oo = —o (A3 + — = L) . 101
a 38m(n3+98a§> +O<8$ 835) (6.101)

This expression describes the asymptotic of the “purely nonlinear” contribu-
tion to the stress tensor 0(6.96) for a strong divergency of a flow. The account
of nonlocality yields instead of (6.98):

| A . 2 0u 11 0u\ !
ap(z) = 5 dy/ dk exp(ik(z — y))ga—y <n/\3 + 983/)

11 9u 27 0u k*v3. -
X {(n)\3+93x> (n)\4+4ax)+ 9 :|
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Fig. 6.2. Acoustic dispersion curves for approximation (6.98) (solid line), for second
(the Burnett) approximation of the Chapman-Enskog expansion [72] (dashed line)
and for the regularization of the Burnett approximation via partial summing of the
Chapman-Enskog expansion [43,44] (punctuated dashed line). Arrows indicate the
direction of increase of k2

X [(n)\g + 118u> (n)\4 27 6u>
L4

#5 (m+ 58 Sortule) — u() - Sik T (u(o) ~ uty)

10 <8IHT 85;") (6.102)

Both expressions, (6.101) and (6.102) become singular when

ou ou\ " InAs
oy ( dy ) 11 (6.103)

Hence, the stress tensor (6.97) becomes infinite if a—“ tends to g—“* in any point

u

y. In other words, the flow becomes “infinitely viscous” when approacheb

the negative value — 9??“"

. This infinite viscosity threshold prevents a transfer

811,

of the flow into nonphysical region of negative viscosity if % because

of the “infinitely strong damping” at g—z*. This peculiarity was detected in
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[43,44] as a result of partial summation of the Chapman-Enskog expansion.
In particular, partial summing for the simplest nonlinear situation [45,233]
yields the following expression for the stress tensor o:

4 5,02\ [ ou 0%
CToRFouR ClR=3\173%5a2) (T T ez )

s gy = B (1 TN
=T +n"; oqp= 9 1+383§ 2¢7 - (6.104)

Notations here follow (6.98) and (6.99). Expression (6.104) might be con-
sidered as a scetch of the “full” stress tensor defined by a(6.94). It takes
into account both the frequency-response and the nonlinear contributions
(o1z and oqpp, respectively) in a simple form of a sum. However, the su-
perposition of these contributions in (6.94) is more complicated. Moreover,
the explicit correlative nonlocality of expression (6.94) was detected neither
in [45], nor in numerous examples of partial summation [233].

Nevertheless, approximation (6.104) contains the peculiarity of viscosity
similar to that in (6.101) and (6.102). In dimensionless variables and ¢ = 1,
expression (6.104) predicts the infinite threshold at velocity divergency equal
to —(3/7), rather than —(9/11) in (6.101) and (6.102). Viscosity tends to zero
as the divergency tends to positive infinity in both approximations. A physical
interpretation of these phenomena was given in [45]: large positive values of %
means that the gas diverges rapidly, and the flow becomes nonviscid because
the particles retard to exchange their momentum. On contrary, its negative
values (such as —(3/7) for (6.104) and —(9/11)) for (6.101) and (6.102))
describe a strong compression of the flow. Strong deceleration results in a
“solid fluid” limit with an infinite viscosity (Fig. 6.3).

Thus, hydrodynamic equations for approximation (6.95) are both nonlin-
ear and nonlocal. This result is not surprising, accounting for the integro-
differential nature of equation (6.38).

It is important that no small parameters were used neither when we were
deriving equation (6.38) nor when we were obtaining the correction (6.95).

6.4 Example: Non-Perturbative Derivation
of Linear Hydrodynamics
from the Boltzmann Equation (3D)

In this example we shall discuss a bit more about the linear hydrodynamics
obtained by the Newtom method with incomplete linearization. Using the
Newton method instead of power series, a model of linear hydrodynamics is
derived from the Boltzmann equation for regimes where the Knudsen number
is of order unity. The model demonstrates no violation of stability of acoustic
spectra in contrast to the Burnett hydrodynamics.
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%NS

/7 ou'

Fig. 6.3. Dependency of viscosity on compression for approximation (6.101) (solid
line), for partial summing (6.104) (punctuated dashed line), and for the Burnett
approximation [45,233] (dashed line). The latter changes the sign at a regular point
and, hence, nothing prevents the flow to transfer into the nonphysical region

The Knudsen number e (a ratio between the mean free path, I., and
a scale of hydrodynamic flows, l},) is a smalness parameter when hydrody-
namics is derived from the Boltzmann equation [239]. The Chapman—Enskog
method [70] derives the Navier-Stokes hydrodynamic equations as the first-
order correction to the Euler hydrodynamics at € — 0, and it also derives for-
mal corrections of order €2, €3, ... (known as the Burnett and super-Burnett
corrections). These corrections are important outside the strictly hydrody-
namic domain ¢ < 1, and has to be considered for an exension of hydro-
dynamic description into a highly nonequilidrium domain £ < 1. Not much
is known about high-order in € hydrodynamics, especially in nonlinear case.
Nonetheless, in linear case, some definite information can be obtained. On
the one hand, experiments on sound propagation in noble gases are consid-
erably better explained with the Burnett and super-Burnett hydrodynamics
rather than with the Navier-Stokes approximation alone [241]. On the other
hand, direct calculation shows non-physical behavior of the Burnett hydro-
dynamics for ultra-short waves: acoustic waves increase instead of decay [72].
The latter failure of the Burnett approximation cannot be ignored. For the
Navier-Stokes approximation no such violation is observed.

These two results indicate that, at least in a linear regime, it makes sense
to consider hydrodynamics at € ~ 1, but the Chapman-Enskog method of
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deriving such hydrodynamics is problematic. The problem of constructing
solutions to the Boltzmann equation valid when ¢ is of order one is one of
the main open problems of classical kinetic theory [239].

The main idea of the present example is to formulate the problem of
a finding a correction to the Euler hydrodynamics in such a fashion that
expansions in € do not appear as a necessary element of analysis. This will be
possible by using the Newton method instead of Taylor expansions to get such
correction. Resulting hydrodynamic equations do not exhibit the mentioned
violation.

The starting point is the set of local Maxwell distribution functions (LM)
fo(n,u,T;v), where v is the particle’s velocity, and n, u, and T are local
number density, average velocity, and temperature. We write the Boltzmann
equation as before in the co-moving reference frame (6.23):

df _

= (), () == 0f+ QUL (6.105)

where d/dt = 9/0t + u; - 9; is the material derivative, 9; = 9/0x;, while @ is
the Boltzmann collision integral.

On the one hand, calculating right hand site of (6.105) in the LM-states,
we obtain J(fp), a time derivative of the LM-states due to the Boltzmann
equation. On the other hand, calculating a time derivative of the LM-states
due to the Euler dynamics, we obtain PyJ(fy), where Py is the thermody-
namic projector operator onto the LM manifold (see [11] and (5.55)):

2
PoJ:ﬁ){/Jdc+20i~/Cinc+<02—3>/(02—3> JdC} )
n 3 2 2

(6.106)
Since the LM functions are not solutions to the Boltzmann equation (6.105)
(except for constant n, u, and T'), a difference A(fy) between J(fy) and
PyJ(fo) is not equal to zero (5.59):

A(fo) = J(fo) = PoJ(fo) (6.107)

1 o;T 5
—fo {2(8iuk) (cick - 35ik62) + vUr = Ci (62 - 2)} )

here ¢ = v;'(v — u), and vr = /2kgT/m is the thermal velocity. Note
that the latter expression gives the complete invariance defect of the lin-
earized local Maxwell approximation, and it is neither big nor small by itself.
An unknown hydrodynamic solution of (6.105), fs(n,u,T;v), satisfies the
following invariance equation:

A(foo) = J(foo) = P d (f50) =0, (6.108)

where P, is an unknown projecting operator. Both P, and f., are unknown
in (6.108), but, nontheless, one is able to consider a sequence of corrections
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{f1, f2y.-.}, {P1, Pa,...} to the initial approximation f; and Py. Above it
was shown, how to ensure the H-theorem on every step of approximations
by choosing appropriate projecting operators P,. In the present illustrative
example we do not consider projectors other than F.

Let us apply the Newton method with incomplete linearization to (6.108)
with fo as initial approximation for f., and with Py as an initial approxima-
tion for P,,. Writing f1 = fo + df, we get the first iteration:

L6/ fo) + (Po = 1)(v —u)idid f + A(fo) = 0, (6.109)
where L is a linearized collision integral.
L(g)

= fo(v) /'LU('U/U'U/;vly v) fo(v1){g(v}) + g(v')—g(v1) — g(v)} dv) dv’ dv; .
(6.110)

Here w is a probability density of velocities change, (v,v1) <« (v',v}), of
a pair of molecules after their encounter. When deriving (6.109), we have
accounted PyL = 0, and an additional condition which fixes the same values
of n, w, and T in states f; as in LM states fy:

Posf=0. (6.111)

Equation (6.109) is basic in what follows. Note that it contains no Knud-
sen number explicitly. Our strategy will be to treat equation (6.109) in such a
way that the Knudsen number will appear explicitly only at the latest stage
of computations.

The two further approximations will be adopted. The first concerns a
linearization of (6.109) about the global equilibria Fy. The second concerns
a finite-dimensional approximation of integral operator in (6.109) in velocity
space. It is worthwhile noting here that none of these approximations concerns
an assumption about the smallness of the Knudsen number.

Following the first of the approximations mentioned, denote as dn, du, and
0T deviations of hydrodynamic variables from their equilibrium values ny,
ug = 0, and Tj. Introduce also dimensionless variables An = dn/ng, Au =
Su/v$, and AT = §T/Ty, where v3 is a heat velocity in equilibria, and a
dimensionless relative velocity ¢ = v/v%. Correction f; in the approximation,
linear in deviations from Fp, reads:

fi=Fo(l4+po+¢1),

where
0o = An + 2Au&; + AT(€2 — 3/2)

is a linearized deviation of LM from Fj, and ¢7 is an unknown function. The
latter is to be obtained from a linearized version of (6.109).
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Following the second approximation, we seek 1 in a form:

o1 = Ai(x)& <€2 - ;) + Bii(x) (&fk - ;5ik§2) +... (6.112)

where dots denote terms of an expansion of ¢ in velocity polynomials, or-
thogonal to & (€2 — 5/2) and &;&, — 1/36;1.€2, as well as to 1, to &, and to
£2. These terms do not contribute to shear stress tensor and heat flux vec-
tor in hydrodynamic equations. Independency of functions A and B from &2
amounts to the first Sonine polynomial approximation of viscosity and heat
transfer coefficients. Thus, we consider a projection onto a finite-dimensional
subspace spanned by &; (2 — 5/2) and ;& — 1/36;,£2. Our goal is to derive
functions A and B from a linearized version of (6.109). Knowing A and B,
we get the following expressions for shear stress tensor o and heat flux vector
q:

5
oc=pyB, q= ZpovoTA , (6.113)

where pg is equilibrium pressure of ideal gas.
Linearizing (6.109) near Fp, using an ansatz for ¢, cited above, and turn-
ing to Fourier transform in space, we derive:

%ai(k) + ivgb;(k)kj = fz‘vgkn(k) ; (6.114)
3’170 2
%blj(k) + w%klaj(k:) = 72’“}%]{51’}9(’{3) y
0

where i = /=1, k is the wave vector, 7y is the first Sonine polynomial
approximation of shear viscosity coefficient, a(k), b(k), 7(k) and ~(k) are
Fourier transforms of A(x), B(x), AT (x), and Au(x), respectively, and the
over-bar denotes a symmetric traceless dyad:

— 2
aibj = 2aibj — gd,’jasbs .

Introducing a dimensionless wave vector f = [(v%10)/(po)]k, solution to
(6.114) may be written:

b (k) = SR (5/3) + (1/2)7 (6.115)
iR LIRG/3)+ (/221 B+ 2 = e R T 5+ 27
all) = = ifir(k)[5 + 2%

15427 /3) + (/D) (5/3) i (k) 1) + (k)5 +25)]

Considering z-axis as a direction of propagation and denoting k, as k, 7y
as ., we obtain from (6.114) the k-dependence of a = a, and b =10,:



168 6 Newton Method with Incomplete Linearization
~ 3pg novikT (k) + 3o *ng (v)) k> (k)
L+ Zpy *mg (v)2k?
_ 3p0 moviky (k) + pg " (v3) 2k (k)
-2
1+ %Po g (v)2k?

a(k) =

, (6.116)

b(k) =

Using expressions for o and g cited above, and also using (6.116), it is
an easy matter to close the linearized balance equations (given in Fourier
terms):

1 .

@&V(k) + ik, =0, (6.117)
2 . .
@5‘,57(19) +ik(r(k) +v(k)) +ikb(k) =0,

3 . 3.

The equations (6.117), together with expressions (6.116), complete our
derivation of hydrodynamic equations.

To this end, the Knudsen number was not penetrating our derivations.
Now it is worthwhile to introduce it. The Knudsen number will appear most
naturally if we turn to dimensionless form of (6.116). Taking l. = v%n0/po
(Ic is of order of a mean free path), and introducing a hydrodynamic scale
I, so that k = k/lj,, where & is a not-dimensional wave vector, we obtain in
(6.116):

3, 4.2,2

SienT(K) + 57KV,

a(k) = — , 6.118
() 1+ 26252 ( )

siery(k) + €227 (k)

b(k) = — ,
(%) 1+ 2e2k2

where € = [./l,. Considering the limit ¢ — 0 in (6.118), we come back to
the familiar Navier-Stokes expressions: ai\gs = —%noazéuz, qiv S = 10,07,
where A\g = 15kpno/4m is the first Sonine polynomial approximation of heat
conductivity coefficient.

Since we were not assuming smallness of the Knudsen number ¢ while
deriving (6.118), we can write ¢ = 1. With all the approximations mentioned
above, (6.117) and (6.116) (or, equivalently, (6.117) and (6.118)) may be
considered as a model of a linear hydrodynamics at e of order one. The most
interesting feature of this model is a non-polynomial dependence on . This
amounts to that share stress tensor and heat flux vector depend on spatial
derivatives of du and of 67T to arbitrary high order.

To find out a result of the non-polynomial behavior (6.118), it is most
informative to calculate a dispersion relation for plane waves. Let us introduce
a dimensionless frequency A\ = wl), /v%, where w is a complex frequency of a
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Fig. 6.4. Attenuation rate of sound waves. Dotts: the Burnett approximation.
Bobylev’s instability occurs when the curve intersects the horizontal axis. Solid:
First iteration of the Newton method on the invariance equation

wave ~exp(wt+ikz) (Rew is a damping rate, and Imw is a circular frequency).
Making use of (6.117) and (6.118), writing e = 1, we obtain the following
dispersion relation A(k):
12(1+ %/@2)2/\34—23&2(14— %KQ))\Q +2k2(54+5k%+ gli4)/\+ %/@4(1 + %/12) =0.
(6.119)
Figure 6.4 presents a dependence ReM(k?) for acoustic waves obtained
from (6.119) and for the Burnett approximation [72]. The violation in the
latter occurs when the curve crosses the horizontal axis. In contrast to the
Burnett approximation [72], the acoustic spectrum (6.119) is stable for all k.
Moreover, ReA(k?) demonstrates a finite limit, as k2 — oo.
A discussion of results concerns the following two items:

1. The approach used avoids expansion into powers of the Knudsen number,
and thus we obtain a hydrodynamics valid (at least formally) for moderate
Knudsen numbers as an immediate correction to the Euler hydrodynamics.
This is in a contrast to the usual treatment of high-order hydrodynamics as
“(the well established) Navier-Stokes approximation + high-order terms”.
The Navier-Stokes hydrodynamics is recovered a posteriori, as a limiting
case, but not as a necessary intermediate step of computations.

2. Linear hydrodynamics derived is stable for all &k, same as the Navier-Stokes
hydrodynamics alone. The (1+ak?)™! “cut-off”, as in (6.116) and (6.118),
was earlier found in a “partial summing” of Enskog series [42,43].
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Thus, we come to the following two conclusions:

1. A positive answer is given to the question of whether is it possible to con-
struct solutions of the Boltzmann equation valid for the Knudsen number
of order one.

2. Linear hydrodynamics derived can be used as a model for € = 1 without
a violation of acoustic spectra at large k.

6.5 Example: Dynamic Correction
to Moment Approximations

6.5.1 Dynamic Correction or Extension of the List of Variables?

Considering the Grad moment ansatz as a suitable first approximation to a
closed finite-moment dynamics, the correction is derived from the Boltzmann
equation. The correction consists of two parts, local and nonlocal. Locally cor-
rected thirteen-moment equations are demonstrated to contain exact trans-
port coefficients. Equations resulting from the nonlocal correction give a
microscopic justification to some phenomenological theories of extended hy-
drodynamics.

A considerable part of the modern development of nonequilibrium ther-
modynamics is based on the idea of extension of the list of relevant variables.
Various phenomenological and semi-phenomenological theories in this domain
are known under the common title of the extended irreversible thermodynam-
ics (EIT) [235]. With this, the question of a microscopic justification of the
EIT becomes important. Recall that a justification for some of the versions
of the EIT was found witin the well known Grad moment method [201].

Originally, the Grad moment approximation was introduced for the pur-
pose of solving the Boltzmann-like equations of the classical kinetic theory.
The Grad method is used in various kinetic problems, e.g., in plasma and in
phonon transport. We mention also that Grad equations assist in understand-
ing asymptotic features of gradient expansions, both in linear and nonlinear
domains [40,42, 205,219, 233].

The essence of the Grad method is to introduce an approximation to the
one-particle distribution function f which would depend only on a finite num-
ber N of moments, and, subsequently, to use this approximation to derive a
closed system of N moment equations from the kinetic equation. The number
N (the level at which the moment transport hierarchy is truncated) is not
specified in the Grad method. One particular way to choose N is to obtain an
estimation of the transport coefficients (viscosity and heat conductivity) suf-
ficiently close to their exact values provided by the Chapman—FEnskog method
(CE) [70]. In particular, for the thirteen-moment Grad approximation it is
well known that transport coefficients are equal to the first Sonine polynomial
approximation to the exact CE values. Accounting for higher moments with
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N > 13 can improve this approximation (good for neutral gases but poor for
plasmas [231]). However, what should be done, starting with the thirteen-
moment approximation, to come to the exact CE transport coefficients is an
open question. It is also well known [204] that the Grad method provides
a poorly converging approximation when applied to strongly nonequilibrium
problems (such as shock and kinetic layers).

Another question comes from the approximate character of the Grad equa-
tions, and is discussed in frames of the EIT: while the Grad equations are
strictly hyperbolic at any level N (i.e., predicting a finite speed of propaga-
tion), whether this feature will be preserved in the further corrections.

These two questions are special cases of a more general one, namely,
how to derive a closed description with a given number of moments? Such
a description is sometimes called mesoscopic [251] since it occupies an in-
termediate level between the hydrodynamic (macroscopic) and the kinetic
(microscopic) levels of description.

Here we aim at deriving the mesoscopic dynamics of thirteen moments
[21] in the simplest case when the kinetic description satisfies the linearized
Boltzmann equation. Our approach will be based on the two assumptions:

(i) The mesoscopic dynamics of thirteen moments exists, and is invariant
with respect to the microscopic dynamics,

(ii) The thirteen-moment Grad approximation is a suitable first approxima-
tion to this mesoscopic dynamics.

The assumption (i) is realized as the invariance equation for the (unknown)
mesoscopic distribution function. Following the assumption (ii), we solve the
invariance equation iteratively, taking the Grad approximation for the input
approximation, and consider the first iteration (further we refer to this as to
the dynamic correction, to distinguish from constructing another ansatz). We
demonstrate that the correction results in the exact CE transport coefficients.
We also demonstrate how the dynamic correction modifies the hyperbolicity
of the Grad equations. A similar viewpoint on derivation of hydrodynamics
was earlier developed in [11] (see previous examples). We shall return to a
comparison below.

6.5.2 Invariance Equation

for Thirteen-Moment Parameterization

We denote as ng, ug = 0, and pg the equilibrium values of the hydrodynamic
parameters (n is the number density, w is the average velocity, and p = nkgT
is the pressure). The global Maxwell distribution function F is

F = no(vr) 3732 exp(—c?) ,

where vr = v2kgTom =1 is the equilibrium thermal velocity, and ¢ = v/vr
is the peculiar velocity of a particle. The near-equilibrium dynamics of the
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distribution function, f = F(1 + ¢), is due to the linearized Boltzmann
equation:

Opp = jgo = —vpc;0ip + ]Algo ,

Lo = [wF@le}) +¢(v') = plor) — ¢(v)] dv) dv’dor

where L is the linearized collision operator, and w is the probability density
of pair encounters. Furthermore, 9; = 0/0x;, and summation convention in
two repeated indices is assumed.

Let n = dn/ng, w = du/vr, p = dp/po (p = n+ T, T = 6T/Ty), be
dimensionless deviations of the hydrodynamic variables, while o = do/pg
and g = dq/(povr) are dimensionless deviations of the stress tensor o, and
of the heat flux q. The linearized thirteen-moment Grad distribution function
is fo = F(e) [1 + ¢o], where

Yo =1+ p2, (6.120)
1 =n+2uc; + T [® — (3/2)] ,
Yo = 0;kCiC + (4/5)(]101 [02 — (5/2)] .

The overline denotes a symmetric traceless dyad. We use the following con-
vention:

— 2
a;by = a;by + apb; — §5ikalbl ,
N 2
Oifx = Oifr + O fi — §5ik3lfl .

The thirteen-moment Grad’s equations are derived in two steps: first, the
Grad’s distribution function (6.120) is inserted into the linearized Boltzmann
equation to give a formal expression, dypg = j(po, second, projector Py is
applied to this expression, where Py = Py + P», and operators P; and P» act
as follows:

F
no
F
PyJ = n{sz/Ydev+Zz/ZZJdv} .
0
Here Xo = 1, X; = V2¢;, where i = 1,2,3, Xy = /2/3(c* = 3), Yy, =

%Ci (02 — %) The resulting equation,

\/QM7 and Z’L =
Po[Foupo] = Po[FJep]

is a compressed representation for the thirteen-moment Grad equations for
the macroscopic variables My5 = {n,u,T, o, q}.
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Now we turn our attention to the main purpose of this example, and
derive the dynamic invariance correction to the thirteen-moment distribu-
tion function (6.120). The assumption (i) [existence of closed dynamics of
thirteen moments] implies the invariance equation for the true mesoscopic
distribution function, f(Mis,¢) = F[1 + @(Ms, c)], where we have stressed
that this function depends parametrically on the same thirteen macroscopic
parameters, as the original Grad approximation. The invariance condition for
f(Mys, c) reads [11]:

(1-P)[FJg =0, (6.122)

where P is the projector associated with f . Generally speaking, the projector
P depends on the distribution function f [11,231]. In the following, we use the
projector Py (6.121) which will be consistent with our approximate treatment
of (6.122).

Following the assumption (ii) [Grad’s distribution function (6.120) is a
good initial approximation|, the Grad’s function fy, and the projector Py,
are chosen as the input data for solving the equation (6.122) iteratively. The
dynamic correction amounts to the first iterate. Let us consider these steps
in a more detail.

Substituting ¢ (6.120) and Py (6.121) instead of ¢ and P in the equation
(6.122), we get: (1 — Py)[FJpo] = Ag # 0, which demonstrates that (6.120)
is not a solution to the equation (6.122). Moreover, A, splits in two natural
pieces: Ag = AlC 4 ABlC where

loc
AO
nloc
AO

(1— P3)[FLgps] (6.123)
(1 — Po)[*’UTFCZ‘aiQO()] .

Here we have accounted for Pi[FLp] = 0, and Ly, = 0. The first piece of
(6.123), Alc) can be termed local because it does not account for spatial
gradients. Its origin is twofold. In the first place, recall that we are per-
forming our analysis in a non-local-equilibrium state (the thirteen-moment
Grad’s approximation is not a zero point of the Boltzmann collision integral,
hence ﬁgpo # 0). In the second place, specializing to the linearized case under
consideration, functions €€ and c[c? — (5/2)], in general, are not the eigen-
functions of the linearized collision integral, and hence Py[F L] # F Lo,
resulting in A{PC # 02
The nonlocal part may be written as:

AYC = —vp F(I14 375 Ok0rs + )iy 0k s + M30kq1) (6.124)
where IT are velocity polynomials:
2 Except for Maxwell molecules (interaction potential U ~ r~%) for which Lgg # 0

but P, [Fﬁ(pG] = Figoo. Same goes for the relaxation time approximation of the
collision integral (L = —771).
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I jjeys = Cpp [Cres — (1/3)5T502] — (2/5)0kscrc?
oy, = (4/5) [ = (7/2)] [ecick — (1/3)8inc?]
I3 = (4/5) [* = (5/2)] [¢® — (3/2)] — ¢*.

We seek the dynamic correction of the form:
f=F[14+¢o+¢].

Substituting ¢ = ¢+ ¢, and P = P, into (6.122), we derive an equation for
the correction ¢:

(1= P)[FL(ps + ¢)] = (1 = Po)[vr Fe:0, (00 + 6)] - (6.125)

The equation (6.125) should be supplied with the additional condition,
Py[F¢] = 0.

6.5.3 Solution of the Invariance Equation

Let us apply the usual ordering to solve (6.125), introducing a small pa-
rameter €, multiplying the collision integral L with e !, and expanding
b=>, €"$(™). Subject to the additional condition, the resulting sequence
of linear integral equations is uniquely soluble. Let us consider the first two
orders in e.

Because A€ # 0, the leading correction is of the order €, i.e. of the same
order as the initial approximation ¢g. The function ¢(®) is due the following
equation:

(1= Py)[FL(gs + 6®)] =0, (6.126)

subject to the condition, Py[F¢(®)] = 0. The equation (6.126) has the unique
solution: oy + ¢ = crikYi(kO) + ini(O), where functions, Yigf) and Z,L-(O), are
solutions to the integral equations:

LY\ vy, 1729 =az, (6.127)

subject to the conditions, Py[FY?] =0 and P,[FZ®] = 0. Factors a and b
are:

a=m3/? / e~ Zgo)liZZ.(O) de,
b=n2 / Y VLYY de.

Now we are able to notice that the equation (6.127) coincides with the CE
equations [70] for the exact transport coefficients (viscosity and temperature
conductivity). Emergency of these well known equations in the present con-
text is important and rather unexpected: when the moment transport equa-
tions are closed with the locally corrected function f°¢ = F(1+po+¢?), we
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come to a closed set of thirteen equations containing the exact CE transport
coefficients.

Let us analyze the next order ('), where AB°¢ comes into play. To sim-
plify matters, we neglect the difference between the exact and the approxi-
mate CE transport coefficients. The correction ¢(!) is due to the equation,

(1 — P)[FLpM] 4 ABlec =0, (6.128)

the additional condition is: Py[F¢™)] = 0. The problem (6.128) reduces to
three integral equations of a familiar form:

LU \rs = Myjprs ,  LWopiy, = Moy, LW = 1Ty, (6.129)

subject to conditions: Pi[FWy ] = 0, Pi[F¥;;] = 0, and P;[FW3] = 0.
Integral equations (6.129) are of the same structure as are the integral equa-
tions appearing in the CE method, and the methods to handle them are well

developed [70]. In particular, a reasonable and simple approximation is to
take ¥,,... = —Aall,.... Then

¢ = —vp (A1 1y sOk0rs + Ao Ilo)i1,0q; + AsIT30kqy) (6.130)

where A, are the approximate values of the kinetic coefficients, and which
are expressed via matrix elements of the linearized collision integral:

At o — /exp(—cz)ﬂa‘___ﬁﬂa‘m de > 0. (6.131)

The evaluation can be extended to a computational scheme for any given
molecular model (e.g., for the Lennard-Jones potential), in the manner of
the transport coefficients computations in the classical Chapman—Enskog
method.

6.5.4 Corrected Thirteen-Moment Equations

To summarize the results of the dynamic correction, we quote first the un-
closed equations for the variables M3 = M3 = {n,u, T, o, q}:

(1/v$)0n + Opu; =0, ( )

(2/v9)Ou; + 0i(T +n) + o, = 0, ( )

(1/v9)0:T + (2/3)0;u; + (2/3)0;q; = 0, (6.134)
(1/v7)0ik + 20iuy, — (2/3)J;qx + Oihiry = Ris ( )
(2/v7)0sqi — (5/2)0ip — (5/2)Or0ir + Orgix = Ri . ( )

Terms spoiling the closure are: the higher moments of the distribution func-
tion,
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B = 2m3/2 /e_c2<pcickcldc,
ik = 27r_3/2/e_62gocick02 de,

and the scattering rates,

2 . .
R, = 771’73/2/676262'014Lg0 de,
vr

2 R
R, = —7r73/2/efc2cic2Lg0 de .
vp

Grad’s distribution function (6.120) provides the zeroth-order closure ap-
proximation to both the higher-order moments and the scattering rates:

RY = —pglow, B = -23lq; (6.137)
ah®) = (2/3)5ixduqs + (4/5)rgr ,
a9 = (5/2)0k(p+T) + (7/2)diour ,

where po and g are the first Sonine polynomial approximations to the vis-
cosity and the temperature conductivity coefficients [70], respectively.
The local correction improves the closure of the scattering rates:

Rix = —pchoir,  Ri = —Achti (6.138)

where the subscript CE corresponds to the ezact Chapman—-Enskog values of
the transport coefficients.

The nonlocal correction adds the following terms to the higher-order mo-
ments:

O, = 3191(18) — A30k01q1 — A20,01q1 (6.139)
Orthir = 5%522 — A1010,04 ,

where A; are the kinetic coefficients derived above.

In order to illustrate what changes in Grad equations with the nonlocal
correction, let us consider a model with two scalar variables, T'(x,t) and
q(z,t) (a simplified case of the one-dimensional corrected thirteen-moment
system where one retains only the variables responsible for heat conduction):

T +0,q=0, g+, T —ad’q+q=0. (6.140)

Parameter @ > 0 controls “turning on” the nonlocal correction. Using
{q(k,w), T(k,w)} exp(wt + tkx), we come to a dispersion relation for the two
roots wi 2(k). Without the correction (a = 0), there are two domains of k:
for 0 < k < k_, dispersion is diffusion-like (Rewq 2(k) < 0, Imw; 2(k) = 0),

while as k > k_, dispersion is wave-like (wq (k) = w3 (k), Imwy (k) # 0). For
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Fig. 6.5. Attenuation Rew: 2(k) (lower pair of curves), frequency Imwi 2 (k) (upper
pair of curves). Dashed lines — Grad case (a = 0), drawn lines — dynamic correction
(a=0.5)

a between 0 and 1, the dispersion modifies in the following way: The wave-
like domain becomes bounded, and exists for k €]k_(a), k4 (a)[, while the
diffusion-like domain consists of two pieces, k < k_(a) and k > ki (a).

The dispersion relation for a = 1/2 is shown in Fig. 6.5. As a increases to
1, the boundaries of the wave-like domain, k_(a) and k4 (a), move towards
each other, and collapse at a = 1. For a > 1, the dispersion relation becomes
purely diffusive (Imwy 2 = 0) for all k.

6.5.5 Discussion: Transport Coefficients,
Destroying the Hyperbolicity, etc.

1. Considering the thirteen-moment Grad’s ansatz as a suitable approxima-
tion to the closed dynamics of thirteen moments, we have found that the
first correction leads to the exact Chapman—Enskog transport coefficients.
Further, the nonlocal part of this correction extends the Grad equations
with terms containing spatial gradients of the heat flux and of the stress
tensor, destroying the hyperbolic nature of Grad’s moment system. Cor-
responding kinetic coefficients are explicitly derived for the Boltzmann
equation.

2. Extension of Grad equations with terms like in (6.139) was mentioned
in the EIT [252]. These derivations were based on phenomenological and
semi-phenomenological argument. In particular, the extension of the heat
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flux with appealing to nonlocality effects in dense fluids. Here we have
derived the similar contribution from the simplest (i.e. dilute gas) kinetics,
in fact, from the assumption about existence of the mesoscopic dynamics.
The advantage of using the simplest kinetics is that corresponding kinetic
coefficients (6.131) become a matter of a computation for any molecular
model.

3. When the invariance principle is applied to derive hydrodynamics (closed
equations for the variables n, w and T') then [11] the local Maxwellian f;,,,
is chosen as the input distribution function for the invariance equation. In
the linear domain, f;,, = F[1 + 1], and the projector is P, = P, see
(6.120) and (6.121). When the latter expressions are substituted into the
invariance equation (6.122), we obtain Ay, = AN® = —y7. F{20,u;c;c5 +
0;Tc;[c® — (5/2)]}, while A°¢ = 0 because the local Maxwellians are zero
points of the Boltzmann collision integral. Consequently, the dynamic cor-
rection begins with the order ¢, and the analog of the equation (6.128)
reads: .

Lol = vr{20;ueick + 0Teil® — (5/2)]}

subject to a condition, P;[F ¢1(1173 ] = 0. The latter is the familiar Chapman-
Enskog equation, resulting in the Navier-Stokes correction to the Euler
equations [70]. Thus, the nonlocal dynamic correction is related to the
thirteen-moment Grad equations entirely in the same way as the Navier-
Stokes are related to the Euler equations.

4. Let us discuss briefly the further corrections. The first local correction
(the functions Y; and Z; in (6.127)) is not the limiting point of our
iterational procedure. When the latter is continued, the subsequent lo-
cal corrections are found from integral equations, ﬁYnH = bp+1Yn, and
ﬁZnH = Gp41Z . Thus, we are led to the following two eigenvalue prob-
lems: I:YOo = bso Yoo, and ﬁZOO = Goolino, Where a,, and b,, are the
closest to zero eigenvalues among all the eigenvalue problems with the
given tensorial structure [248].

5. Approach of this example [21] can be extended to derive dynamic correc-
tions to other (non-moment) approximations of interest in the kinetic the-
ory. The above analysis has demonstrated, in particular, the importance
of the local correction, generically relevant to an approximation which
is not a zero point of the collision integral. Very recently, this approach
was successfully applied to improve the nonlinear Grad’s thirteen-moment
equations [253].
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