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Abstract

In order to derive the equivalent partial differential equations of a lattice Boltzmann scheme,
the Chapman Enskog expansion is very popular in the lattice Boltzmann community. A main
drawback of this approach is the fact that multiscale expansions are used without any clear
mathematical signification of the various variables and operators. Independently of this
framework, the Taylor expansion method allows to obtain formally the equivalent partial
differential equations. The general equivalency of these two approaches remains an open
question. In this contribution, we prove that both approaches give identical results with
acoustic scaling for a very general family of lattice Boltzmann schemes and up to fourth-
order accuracy. Examples with a single scalar conservation illustrate our purpose.

* This contribution has been presented at the 31th International Conference on Discrete Simu-
lation of Fluid Dynamics, Suzhou (China) the 22 August 2022.
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1) Introduction

The Chapman-Enskog method is a fundamental approach developed for the asymptotic
analysis of the Boltzmann equation. The book of Chapman and Cowling, first published
in 1939 [4], contains the essential of this subject. When lattice gas automata were first
developed in the 1970’s [19] and the 1980’s [17], the length of the lattice vectors was uniformly
equal to unity. The asymptotic analysis for the emergence of the Navier Stokes equations
was conducted by taking the size of the included bodies bigger and bigger. Employing this
limit, a fundamental work was achieved by Hénon [21] for the determination of the viscosity
of a lattice gas. With the lattice Boltzmann schemes in the 1990’s |22, 23|, the underlying
paradigm of the Boltzmann equation in the approximation of Bhatnagar-Gross-Krook |[2]
collision operator became very popular. A method of analysis was developed by Chen-
Doolen [5] and Qian-Zhou [32] based on a Chapman-Enskog expansion. This method was
also used by d’Humiéres [24] when he introduced the multiple relaxation time variant of
the lattice Boltzmann schemes. This approach involves a rather strange formal calculus of
partial derivatives with respect to fast and slow time scales that can have noncommutative
properties. Nevertheless, the approach has enjoyed significant success and is recommended
in textbooks on the subject, e.g. [18, 26, 34].

When one of us began to work in the lattice Boltzmann community, lattice Boltzmann
schemes were considered as a special finite-difference method on cartesian meshes. From
this perspective, the classical approach to finding equivalent partial differential equations |30,
33, 35] provided a simple way to make explicit the continuum limit of a given algorithm.
By adapting this method to lattice Boltzmann schemes, we created the Taylor expansion
method |7, 8, 9, 10]. This method has predicted super-convergence of various lattice Boltz-
mann schemes [1, 11, 12, 14, 27, 28|, and elucidated the specific behavior of the scheme
for several sets of boundary conditions [14, 15, 16]. A natural question is that of precisely
how these two approaches, the Chapman-Enskog and Taylor expansion methods, are related.
This is the subject of this contribution.

In the second section, we review the Bhatnagar-Gross-Krook framework and the Chapman-
Enskog analysis in the case of a single conserved quantity. Multi-resolution time lattice
Boltzmann schemes are presented in Section 3. In the following section, a linear model with
a single conserved quantity is presented for two spatial dimensions, and a preliminary result
establishes the equivalence of Chapman Enskog and Taylor approaches in this specific case.
The main result is presented at fourth-order accuracy for very general schemes in Section 5.
The proof for orders three and four is detailed in the two last sections of the paper.

2) Bhatnagar-Gross-Krook framework

In this section, we follow the standard “BGK” framework |2] for lattice Boltzmann schemes.
For completeness of our study and to make this work self-contained, we recall known results
derived in [3, 5, 8, 32| relating to Chapman-Enskog and Taylor expansions for an advection-
diffusion model.

At a vertex z of a discrete lattice £ and at discrete time t, a particle distribution with ¢
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velocities, f(z,t) = {f;j(z,t)|0 < j < ¢}, is defined. Its evolution relative to time follows

a classical algorithm. First an equilibrium particle distribution f;*

the vector f(x,t), according to a process which is not detailed at this step (see e.g. [31]).

(x,t) is computed from

Then the nonlinear relaxation, parametrized by a relaxation time 7, is achieved by locally
modifying the particle distribution f into a new distribution f*, defined by the relation

[ = fila )+ 2 (%) - file1), 0<j <q,

with the introduction of a reference time scale 75. The second step of the algorithm is
pure linear advection of each component of the distribution at its corresponding velocity
vj: During a small time step At = e79, the particles stream from the vertex x |to the
neighbouring vertex = + v;e 7 of the lattice. An iteration of the scheme is written

file+vjem, t+em) = fj(:c, t).
Because fj(z +vjet0, t +e7) = fi(x,t) + 2 (f;* — f;), a discrete equation solved by the
numerical scheme is easy to make explicit:

(1) fi(z, t) —1—710 [fj(a: +veT, t+em) — fi(z, t)} = f;q(a:,t).

With P. Coveney and one of us [3], the linear advection operator D; = 0; + v 9, in the
direction number j of the lattice was introduced, with an implicit summation on the spatial
index «. Then we can express the linear advection in terms of the exponential of this
operator exp (e 7 D;),

file +vjemy, t +e1) =exp (e D;j) fi(z,t).

With the notation I for the identity operator and after a second-order expansion of the
exponential operator relative to the small parameter e, we obtain an approximate expression
of the functional equation (1):

2) L+er (D +5 (D) +0(EY) | 5 = £
e At this point, the Chapman-Enskog expansion proposed in [5, 32| introduces a formal
multiple scale expansion for the time derivative,
Oy = 0y, +20;, + O(?).

Then the advection operator D; can be expanded in terms of &:

Dj = Dj +edy, + O(c?), D} = 0y, + v Oa.
We then suppose an a priori asymptotic expansion of the particle distribution,

f=f+efl+2 24+ 0(%,

in the approximate functional equation (2) satisfied by the scheme to obtain

f =1
1 1 _

@ =0 o
247D 47 [0, + 2 (DY) O =0,

From these relations, we deduce various evolution equations for the distinct time scales ;.

3
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To fix these ideas, we detail the process for one conservation law. In this case, there is only
one scalar conserved variable and we have typically

ij Zfeq_

. cpe a req 1 _ 2 _ 1 1
with the condition }_;of fi" = pu. Then > fi =22, f; = 0. When we insert this
condition in the second equation of (3), we obtain 7 Y .(0;, +v§ 04)f; = 0. After division
by 7, the evolution equation at first order,

(4) 8tlp+ua 8ap: 0,

is established.

We next insert the condition fj2 = 0 in the third relation of (3). After dividing by 7,
we obtain

(5) ZDf +23t2feq Z( Dj)*

We have from the second relation of( ): > Difi = =13, Di(D;f{*) = =7 >_.(Dj)*f;
so the previous relation (5) can be written

(6) 0o+ (5 —7) D I =0,

J

£59=0.

J

where we also have
S (DI = 3200 + 05 80) (9 + 0] 05) "
j J

=07 p+ 20,0, ()05 £59) + Z v 0! 9,05
- 4

=0y, (—u” Oap) + 20, 01, (pu®) + O, aﬁ(z iy fi)
Ja.p
= — u” 0o (—u” Dpp) + 2u” 0n(0yy p) + 80465(2 vj U]@ i)
JrouB
=0,05 Z v vf fit—u® u’ pl

j7a718

Inserting this result in the relation (6), we obtain the evolution equation for the second time
scale,

7—0 o «
(7) O,p + (5—7') &ﬁ%[Zl@» v fit = uﬁp] = 0.

J

In this way, with the multiple-time representation 0; = 9, + € 9, + O(g?), we have finally
from the relations (4) and (7) a derivation of the equivalent partial differential equation up
to second order,

(8) (9tp + u® aap — & <T — %) (‘%85 [;U}l Uf f;q —u“ uﬁ pi| = 0(52).

e An alternative to the Chapman-Enskog expansion is the Taylor expansion framework
proposed by one of us [8, 10]. With this paradigm, we do not consider multiple time scales

4
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and we do not introduce any a priori asymptotic representation of the particle distribution.
Using the BGK framework to fix the ideas, we solve the approximate functional equation (2)
using a formal power series relative to the small parameter e,

i =[l=e7 (D + 2 (D)) + (1) (D;)? + O] f7°
=[l—e7D;+7¢* (1= ) (D;)* + O] f;"

2
=it —er D 47 (r = 2) (D)’ f + O()

For the case of one scalar conserved quantity, we have >, f; = >, fi*=p and > ;v f[* =

pu®. Then after division by 7 &, we have the asymptotic relation
e 70 e
(9) S Difst—e (7= 3) DD = 0.
J J
At first order, we have > D;f" = 0;p+u® dop = O(g). To obtain a result at second order,
we have the following calculation:

Z(Dj)foq = (0 + v Da) (9 + 0] 0p) £

J
=07p+2 > 10,0 f 0+ Y S v 0, 05
J J

=0y(—u* 0ap) + 204 0> _ 05 £ + 0a 5[ v 0] £59] + O(e)
J J

= —u® Do (—u” 9pp) + 204 0,(u® p) + 9a 5[ Y_ v 0] £59] + O(e)

J
=0, 85[21)? vf [t —u® u’ p] + O(e)
J

We insert this result into the relation (9) and we recover exactly the relation (8).
In this section, in the specific case of a scalar equation in the BGK framework, we have
established that the Chapman-Enskog methodology and the Taylor expansion method yield
exactly the same equivalent partial differential equation at second-order accuracy. In the
next sections, we generalize this result for an arbitrary number of conservation laws in the
framework of multi-resolution times lattice Boltzmann schemes, and we establish agreement
up to fourth-order accuracy.

3) Multi-resolution times lattice Boltzmann schemes

The multi-resolution times paradigm is an extension of the BGK collision operator presented
in the previous section. It has been formalized by d’Humiéres [24]. As previously, a discrete
particle distribution of ¢ velocities f(z,t) = { f;(z,t)|0 < j < ¢} is defined with corre-
sponding discrete velocities v; € V at a vertex x of a discrete lattice £ and at discrete
time ¢. One time iteration, leading to the evaluation of f;(x,t 4+ At), is composed of two
steps.
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(i) Nonlinear relaxation. During this step, a local modification of the particle distribution f,
denoted by f*, is determined. First an invertible matrix M transforms the particle distri-
bution f into moments m. We write m = M f ,or in terms of components my = Y, My f
for 0 < k < q. We split this vector into two blocks. The first block W is composed by the
conserved quantities or macroscopic moments, whereas the second block Y determines the
nonconserved or microscopic moments,

(10) 7nz(¥>.

After relaxation, the conserved moments do not change: W* = W. Secondly, an equilibrium
value Y of the nonconserved moments is introduced; it is a function of the conserved
moments,

(11) Yol = ().

This function W +—— ®(W) is required to be regular and can be seen as a discrete Gaussian
in reference to the Boltzmann equation for gas dynamics. Nevertheless, it has a priori
no direct algebraic relation with the Maxwell-Boltzmann distribution and is constrained
only by symmetry considerations. Knowledge of the equilibrium function ® is essential for
specifying the multi-resolution times lattice Boltzmann scheme. After relaxation the vector
of microscopic moments is modified, and a new vector Y* is created according to

(12) Y =Y +S(Y—Y).

The relation (12) introduces a relaxation matrix S. This is an invertible square matrix,
usually chosen as diagonal, S = diag (sx). The relaxation coefficients s are dimensionless
and strictly positive. They are also an essential specification of the multi-resolution times
lattice Boltzmann scheme. The moments m* after relaxation combine the two families of
moments: m* = (W, Y*)'. Then the particle distribution after relaxation f* is simply
determined from the moments after relaxation: f* = M~!m*. Observe here that if all
the relaxation coefficients sj are identical, id est if s = 2 for all indices k, then the
multi-resolution times lattice Boltzmann scheme is identical to the BGK variant [29].

(ii) Linear advection. This step is identical to the BGK framework. Recall that the veloc-
ities v; are chosen in such a way that after one time step At, a particle located in x € £
arrives at a new vertex of the lattice: x+v; At € £. With the previous notation introduced,
we can formulate a compact description of the lattice Boltzmann advection scheme:

(13) file, t+At) = fi(x —v; AL, 1), v; €V, x € L.

As a final remark, the present paradigm of multiple relaxation schemes allows one to take
into account multiple distributions of particles. Two or more particle distributions can be
introduced in practice. We just observe that the mapping j —— wv; is not necessarily
injective.

e It should be pointed out that important hypotheses have been made for the asymptotic
expansions proposed in this contribution. First, the discrete function f(x, t), for z a vertex
of the lattice and ¢ the discrete time, is assumed to be the restriction to the lattice of a very
regular function denoted in the same way f(x, t,At, si, --+) at a point of the continuous

6
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space ¥ € R? and continuous time ¢. The time step At is an infinitesimal quantity, and
this is also the case for the spatial step Az. Additionally, we adopt an acoustic scaling:
The numerical velocity A = % is supposed fixed as Az and At tend to zero. Last but
not least, the relaxation parameters s, are held fixed when the lattice £ is made finer and

finer.

4) A multi-resolution D2Q9 lattice Boltzmann scheme

In this section, we consider a D2Q9 scheme (see, inter alia, [5, 20, 29, 31|) for a single
conservation law in the paradigm of multi-resolution times lattice Boltzmann schemes. This
scheme is classic and has been studied in the detail in an article of Luo and one of us [29].
The nine velocities begin with vy = 0 and are presented in the Figure 1. The moments m
are named as follows in this contribution:

(14) mt = (p? J$7 Jy? 57 XX? XY? ql’? qy? h)'

The density p is a polynomial of degree zero relative to the velocities, the momentum (.J,, J,)
is composed by polynomials of degree 1, the energy ¢ and the moments XX and XY are
polynomials of degree 2, the energy flux (g, ¢,) is associated to polynomials of degree 3,
and the second energy h is of degree 4. The explicit construction of the matrix M between
particles and moments is detailed in the reference [29]. We have

1 1 1 1 1 1 1 1 1
0 A 0 -2 0 A=A =X A
0 0 A 0 A A A = =
—4N% =A% =% A7 ) 207 2)% 267 2)?
M = 0 A2 =22 A2 =2 0 0 0 0
0 0 0 0 0 A2 =2 A2 )2
0 —=2X3 0 23 0 A =N =N N
0 0 —=2X3 0 2X3 X A% N3 N8
NE =20 —2)1 o)t o)zt At N\t )\

Figure 1: D2Q9 lattice Boltzmann scheme
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e Advection operator in the basis of moments

From the velocities v; and the matrix M, we introduce the momentum-velocity operator
matrix (see [10]). It is defined by

(15) A = M diag (Zua aa) M

«

with 1 < a < d = space dimension. It is simply the set of all advection operators defined
for the lattice and resolved in the basis of the moments.

In the case of a single conservation law as studied in the previous section, there is only
one conserved quantity W whereas the vector Y in the relation (10) is of dimension 8.
We decompose the momentum-velocity operator matrix into four blocks A, B, C', D in
coherence with the decomposition (10),

(A B
(16) A= ( o D) ,
and similarly for the various powers of A,
Ay, B A3 B Ay B
A% = 2 2 A2 = S A = A
(e o) v=(e ) 2= (8 o

For the D2Q9 scheme and the advection-diffusion, we have after some lines of algebra detailed
in [10] the following explicit form for the “ABCD” decomposition introduced in (16):

0 D 9, 0 0 0 0 0 0
)\2
20, 0 0 10, -1o0, 0, 0 0 0
advect 0 | A9, A9, 0 0 0 o 9, 0
17 adavection — 2 2
(17) AD2g9 0 ;3 28,,3 ;’\?2 9, O 0 0 - 30, % 9, 0
0 |3\, X0, 0 0 0 $9, 10, O
0 0 0 20, X0, N9, 0 0 10,
2
0 0 0 %09, N9, N 0 0 39,
0 0 0 0 0 0 X9, X9, 0

The structure of the operator matrix A follows “selection rules” somewhat similar to those in-
volved in atoms coupled to the electromagnetic field (see, e.g., the book of Cohen-Tannoudji,
Diu and Laloé [6]). The moments at equilibrium are typically parametrized by the two com-
ponents wu, v of the imposed velocity and by a coefficient «:

(18) ®(p) = (pu, pv, apX’, p(u>—v%), puv, 0,0,0)"

These moments at equilibrium (18) correspond to the following nonconserved distribution
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of particles at equilibrium f¢4 = M~! ®, with

(E=G-9e
N R U
I I S
3= (s —ox taw (W —v7)p
Y=g an e =)y
=Gt T oruy)p
o= (Gt T oruv)p
= (gt RS - o uv)p

| =G+ s+ —meuv)e

Then we have the relations

{ ij;q:pa Zjv;c ;q:pua Zjv? ;quv

0a05] 325 v7 vj £ —uu? p] = (5% = 5(u® + %)) Ap

where A = 02 + 0; isthe Laplace operator. If all the relaxation times sj;, sj;, Sy Sua,
Seys Sqzs Sqy and sp, are equal to the ratio 2, we have seen in Section 2 that the equivalent
partial differential equation at second order derived in Chapman Enskog derived in (8) takes

the form

1
2 1.9 9 _ 2
G A 2(u +v7%)| Ap = 0O(e?).

(19) atp+u8xp+vayp_g<7_%> [a+4

The question now is how to find the equivalent equation when the relaxation parameters
differ. Before entering into the resolution of this question, we end this section with a general
proposition for lattice Boltzmann schemes.

e Exponential expression of a multi-resolution times lattice Boltzmann scheme

We have an exact relation for a discrete time iteration, in the same spirit as for the rela-
tion (1). It explicitly uses the momentum-velocity operator defined in (15).

Proposition 1: formal expression of one iteration of the scheme

A multi-resolution times lattice Boltzmann scheme (13) can be written in terms of the
momentum-velocity operator A introduced in (15) through an exponential operator:

(20) m(z,t +e19) = exp(—emoA) m*(z, t).

The proof of Proposition 1 is given in [10]. We recall it here to make this contribution

9
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self-contained. We have the following calculation:

my(z,t+€1) :ZMkj fi(x —vjem, t)

=3 My (M), mifa = vy, )

it
:ZMkJ JZHZ:O% —8TOZU 3 me z, 1)
—sz ZM’W(_”O ZU Oa)" (M), mi (e, 1)

{ n=0

:Z [ Z% (—57'0A)Ze} my (x, t)
= exp(—e 7o A mj(x, t)

=(exp(—e 1 A) m*(z, t))k

and the relation (20) is established. O

5) Chapman-Enskog framework for multi-resolution times schemes

In this section, we introduce the Chapman-Enskog expansion in the context of multi-resolution
times lattice Boltzmann schemes. We present at Proposition 2 the multiple times dynamics
up to fourth order and we deduce general algebraic formulas that control the dynamics at
various scales. We remark in Proposition 3, that both expansions give identical results. Then
we prove Proposition 2 up to second-order accuracy.

In the kinetic theory of gases, the small parameter ¢ in the Chapman-Enskog expansion
is the ratio of the mean free path, typically 65 nanometers under the usual conditions of
temperature and pressure [25]|, and a characteristic dimension of the problem. Here, for

multi-resolution times lattice Boltzmann schemes, we can set ¢ = f—ot

as previously, and
the small parameter has a purely numerical interpretation: It is the ratio between the time
step of the numerical scheme and the reference time scale. We then expand the particle

distribution up to fourth order:
(21) f=r%cefl v+ 2P+ +0(.
First, we consider an important hypothesis of such Chapman-Enskog expansion: The per-

turbation terms f are functions only of the equilibrium f = f¢¢ and its spatial derivatives.
We apply the d’Humiéres matrix M to the expansion (21),

m=Mf=Mfl+cMf +Mf*+*Mf*+ 0(e?).

We take the first conserved component of the previous relation. Then W = W + 0 and the
first components of M f1, M f2, etc. are equal to zero.

10
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Taking next the second nonconserved component, we obtain
Y =Yte(Mfy +(Mf)y +e (M )y +0(")

and the perturbation terms & (M f*)y depend only on the conserved moments W and their
spatial derivatives. We introduce the specific notations ¥; for the previous expansion:

(22) Y =0(W)+ S (e Ui(W) + & 75 Ua(W) + % 15 Ws(W)) + O(e?),

with Y4 = &(W), see (11). We suppose also as in |5, 32| a multi-scale approach for the

time dynamics: ) 3 A
0t :atl —1—8(9,52 +¢€ (9t3 +¢€ 8154 +O(€ )

Proposition 2: multiple time dynamics with the Chapman-Enskog expansion
With the hypotheses presented previously, the conserved quantities W follow a multiple
time dynamics :

(23) O, WHTL (W) =0, 0,WHToDo(W) =0, 0, WH+rET3(W) =0, 0, W75 T4(W) = 0.

The differential operators I'y(W), ¥ (W), Ty(W), Uy(W), Ts(W), ¥3(W) and I'y(W)
introduced in the relations (22) and (23) are determined recursively as functions of the data
vj, M, ®(W) and S. The operator I'1(WW) establishes the first-order dynamics,
(24) =AW+ Bo(W).
After introducing the Hénon matrix

1

= _1__
(25) D=5 -1

that generalizes the expansion first presented by Hénon in [21], the differential operators
Uy (W) and T'y(W) have to be specified for the second-order evolution:

U, =do(W).I'y — (CW 4+ DO(W))
(26)

FQ == B E \Ijl.
At third order, we have
(27)

Fg(W) - B E \112 - % Bd\IJ1F1 -+ 1—12 BQ ‘Ifl,
and at fourth order
( Uy(W) =XdU.T +dd.I's — DX Wy + X d¥e.Iy + % Ddv,.I'
—% Dy W (W) — % d(dv,.I'h).Iy
(28)
Cy(W) = BE\I/3+%BQ\I/2 +%BD2Z\111 — éAB\IIQ — éBd(dCD.Fl).Fg
—% Bd(d®.T'y).I'y — % BYd(dv,.I'h).I.

\

e The proof of this proposition constitutes the remainder of this contribution. We first
observe, however, that with the Taylor expansion method an asymptotic partial differential
system is emerging [10]:

11
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The coeflicients I'; in the expansion (29) are vectors obtained after j spatial derivations
of the conserved moments W and the equilibrium vector ®(W). For the non-conserved
moments, we have

(30) Y =®(W)+ S (At U + A Uy + AP U5) + O(AL).

The differential operators ¥; are analogous to I'; but not with the same dimension. The
explicit forms of the operators I'y (W), Uy (W), Ty(W), WUy(W), ['s(W), W3(W) and T'y(W)
relative to the fourth-order Taylor expansion have been derived in our contribution [10]. We
have the following result.

Proposition 3: The Taylor and Chapman-Enskog expansions give identical results
With the hypotheses presented at the end of Section 3, the precise algebraic expression of
the operators I'y(W), Wy(W), I'y(W), Wo(W), Ts(W), W3(W) and I'y(W) are identical
to the relations (24), (26), (27) and (28).

The proof of this proposition is obtained by comparing the results of Proposition 2 with the
main result of our previous contribution. We just have to observe that the expressions (29)
and (30) use the same notations as in the reference [10], and that the relations (24) to (28)
are exactly the same as those proposed in this reference. O

e Example: advection-diffusion with the D2Q9 scheme
Before entering into the different steps of the proof of Proposition 2, we illustrate the previous
expansion with the scalar conservation law studied in the previous section. The moments
are still given by the relation (14) and the nonconserved moments at equilibrium by the
formulas (18). The operator matrix A%555™" for advection-diffusion has been made explicit
in (17). The block decomposition (16) can be determined. We have A =0 and
(31) B (jx; ij 87 l’l’, yy7 Qxy va h)t = a:E.]I + ayjy'
Then at first order, we have
=AW+ BO(W) =ud,p+vdyp.
Also, we have from (24) that ¥, = d®(W).I'y — (CW + D ®(W)) and
u? + v? 2 u? + v? 2
(W1)je =

0= (51 5) Vo (W= 0= (5+5) ¥ ow

The Hénon matrix X =571 — %I is a diagonal matrix and we impose isotropy conditions:

Oje = 0y = 0 and oy, = 04y = 0,. We then have

Z = dlag (0-]7 Uj, 0-67 UCE7 O-:E7 O-qy O-Q7 Jh)

with o; = é — % Finally, at second order, we have I's = B> W, and due to the struc-

ture (31) of the B differential operator, only the two first components (U;);, and (¥);,
of the vector ¥, are used. Then we have BX U = o; (0x(\111)jx + Gy(\lfl)jy) and
u? + v? 2 «
=0 [ (5+5) "]
Finally, due to (23), the equivalent partial differential equation of the D2Q9 lattice Boltz-

mann scheme is written

1 1

Qup+udpp+vdyp — €7 (;‘5) [

a ;L 1 N — %(u2 + Uz)] Ap = O(g?).
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GENERAL FOURTH-ORDER CHAPMAN-ENSKOG EXPANSION

This equation is very similar to the equation (19) established previously for the BGK variant.
Now, we know that with multi-resolution times lattice Boltzmann schemes, the coefficient
of dissipation is exactly related to the relaxation coefficient s; for the momentum J.

e Chapman-Enskog expansion: Study at order zero
We establish here that in the expansion (22), the first term is the equilibrium function
Y4 = ¢(W). We start from the formal expansion (20): m(t +e7y) = exp(—e 19 A) m*. At

order zero, we can write
m+ O(e) =m* + O(e).

For the first component, we have: W + O(e) = W* + O(e). This relation provides no new
information because W* = W. For the second component we obtain ¥ +0(e) = Y*+O(e).
Due to the relaxation (12), we have Y* =Y + S (®(W) — Y). The matrix S is supposed
fixed and invertible. Then

(32) Y =®(W)+0(), Y'=dW)+O(e).
e Chapman-Enskog expansion : Study at order one
We consider the expansion (20) at order one with 9, = 9;, + O(¢). Then
(33) m+e190,m+ O(e?) =m* —emg Am* +O(e?)
with  m' = (W, Y) and A decomposed into four blocks according to (16). For the first
component of the relation (33), we have
W4+erd,W4+0EH) =W e (AW + BY*) +0(e?)
with W* =W and Y* = &(W) 4 O(¢). Then 0,W = —(AW + B®(W)) and the first
relation of (23) is established, with I'y(1V) given by the relation (24). O

e Chapman-Enskog expansion: End of the study at order one
We look now at the second component of the relation (33):

Y 4+e700,Y +0(E}) =Y* —e7 (CW + DY) 4+ O(£?).

Then Y —Y* = —e79 (0,Y + (CW + DY™)) + O(e?). If we take also into consideration
the relation (12), we have the exact relation S (Y — ®(W)) =Y — Y*. Then, after taking
into consideration the expansions Y = ®(W) + O(e) and Y* = &(W) + O(e), we have the
following calculation:

SY-—oW)) =Y -Y*
=—¢e700, (P(W)+0(e)) —eo (CW + D (®(W) + O(¢)) + O(£?)
=7 [ — dP(W).0,W — (CW + D ®(W))] + O(c?)
=7 [dP(W).T1 — (CW + DO(W))] 4+ O(?)
=70 U (W) 4 O(e?),

with Uy =d®(W).I'y — (CW + D ®(W)), and the first relation of (26) is established. O
e Taking into account the Hénon matrix inside the expansion

From the relations (12) and (22), we have the two expansions at first order

Y=0W)+en S U (W)+0(?), Y =0W)+er (S —1) U (W) + O(?).

13
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With the matrix ¥ introduced in (25), we have also the expansions at first order

{ Y =0(W)+em (Z+31) Ui(W)+ O(?)
Y =®(W)+em (X —31) U(W)+ O(?).

2

(34)

e Chapman-Enskog expansion : Study at order two

We consider again the expansion (20), but now at order two, and we obtain
1 1

m + & 19 Oym + 3 22 0m+0(*) =m* —erg Am* + 582 5 A2 m* + O(?).
We introduce the multiple scales for time evolution: 9, = 9y, + ¢ 9, + O(g?). Then
m-+eT1y (0, +€0,) m+ 3278 (0, +O0(€))>’m+0(e?) = m*—e g Am* +1 273 A2m* + O(£°)
and we have

1

(35) m+eTdym -+’ <8t2m + % 831m> =m* —ergAm* + 5 2712 A*m* + O(e%).
The square of the operator A satisfies A? = (é lB;) (é g) = (é’lz gZ) and
(36) Ay, =A*+BC, Bb=AB+BD, C,=CA+DC, Dy,=CB+ D

and similar operators for higher powers of the matrix A. Then the first component of the
relation (35) can be written

W + ETo 8t1W + 52 70 (OtQW + %0 8,521W)
{ :W—gTO(AW—i—BY*)—i—%&?QTg(AQW—i—BQY*)+O(€3).
The terms at order zero of the previous relation are eliminated. At order one, we have to
take into account the relation Y* = ®(W)+e 7 (X ¥y — 1)+ O(e?). Then we recover the

relation 0y, W + AW + B ®(WW) = 0 established previously. At second order a new relation
is emerging:

7_0 1 7'0
(37) 8t2W+Eale:—TOB<E\I/1—§\I/1>+§<A2W+B2®>.

From the relation (24), we have

;W =0y, (~T1(W))
=— 0, (AW + BO(W))
=AT, + Bd®(W).I',
=A(AW + B®) + Bdo(W).T',
=AW —BCW + AB® + Bd®(W).I'y,

due to (36). Then the relation (37) can be written

at2W+ToBZ\I’1
_ % (AW — BCW + AB® + Bd®(W).T,) +%B\I}1+%(A2W+B2<I>)
—2 (BCW = AB®~ BAO(W).Ty + B (AD(W).Ts = CW = D) + (AB+ BD) @
0.

14



GENERAL FOURTH-ORDER CHAPMAN-ENSKOG EXPANSION

This last relation expresses exactly that 0, W + 70 [y(W) = 0 with ['y(W) = BX U, (W),
and the second relation of (26) is established. O

6) Chapman-Enskog expansion at order three

The relations established in the previous section are very useful. For example, we have used
them to study the ability to recover formally the compressible Navier-Stokes equations at
second order with only one particle distribution [13]. In order to study finer properties of
the lattice Boltzmann scheme, however, a higher precision is necessary. We have done this
for specific problems in previous contributions [12, 13, 27, 28|. Here, we establish general
formulas (27) for future works.

e Chapman-Enskog expansion: End of the study at order two
We first look to the second-order expansion (35). The second component can be written

{ Y +em0,Y + &2 T00L,Y + 5 i 5270282
=Y*—e¢mn (CW+DY*) + 35278 (CoW 4+ Dy Y*) 4 O(e?).
Then we have
SY—-o(W)=Y-Y*
= —e7190,Y — ¥ 7y (3,52Y + 2 (9t21Y) —e1(CW 4+ DY)
+375 (CoW 4+ Dy Y*) 4 O(?).
We insert the representations (34) into the right-hand side of the previous expansion to
obtain

SY -®(W))=—e100, (W) — 219 [10 0, (E U1 + 2 Uy) + 9, (W) + 2 97 D(W)]
—E&Ty [C W+D ((I)(W)+€ To (Z \Ifl—— L )] —|—1 52 7'02 (02 W+D2 (I))+O(€3)
We have by definition S (Y —®(W)) = e 19 U1+ 72 Uy+0(e?). The first-order term relative

to € is proportional to d®.I'y —(C W+ D ®(W)), and we recover Wy due to the first relation
of (26). We can make explicit the second-order term from the previous calculation:

Uy = =X 0,V — 58,V — = 9, 0(W) — R O(W) =D (BW; — § W) + 5 Co W+ 1D, &(W)
with
=0, (d®.I'; — CW — D (W)
= 0, (d®.Ty) — C 0, W — Dd®.0, W
=0, (d®.I') + CTy + Dd®.Ty,
=~ 0, (W) = ~ dO(W).0;, W = —d®(W).Ty,
RO(W) = 0y, (0, 2(W)) = 8;,(dD.0, W) = —0;, (d®.I'y),
Cyo=CA+BD and Dy, =C B+ D?. We deduce
Uy =2d¥ . — 1 (0, (A1) + CTy + DAP.I) + dP(W).I'y + 5 0y, (dP.T)
—DXV +1DU +1 C(AW+B®)+1D(CW+B9?)
=3d¥,. Iy —$ DA +do(W) I, — DXV + L DUy + 1 D (d0.T — 0y)
=%d¥,.I' +de(W).[y — DX,
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and the first relation of (27) is proven. O
e Chapman-Enskog expansion: Study at order three
We refer to the expansion (20) at order three, and we obtain

m+eTOym + 5275 Ofm + 315 Opm

=m"'—ergAm* + %5QT§A2m* — %53T§’A3m* +0(e*)
and
2 1,22 2Y)2 1.3.3 3
m+e1y (0 + €0, +°0,)m~+5756° (0, +€0,, +0(e))’m + 5775 (0, +0(e))’ m
=m*—epAm* + %527'02/\2771* — és?’TgA:sm* +0O(e).

We expand the various powers of 9; = 0y, + €y, + €20y, + O(e?), paying attention to the

non commutation of these operators. For example, 0y, O, # O, Oy,:

m+eTy (O +E0, +>0)m+ 5278 (02 + €04, O, + €0, 0)m
(38) +l€37_3a3m_m*_€7_A * 122A2 *_133A3 * 0 4
€ Ty O m = o Am* + 5t Tf APm* — &g AP m* 4 O(e?).
We consider the first component of the relation (38), relative to the conserved variables:
w + ey (3t1 + 58,52 + 52 8t3)W + %52 70 (61:21 + 6@1 8t2 + 58,52 8,51)W + %53 Tg) 8?1W
= W—gTo(AW+By*> + %827(?(A2W+B2Y*) — %€3T3(A3W+B3Y>k) +O(€4),
with V* = ®(W) +e7 (20 — $U;) + 278 (8 ¥y — 1U5) + O(e?). Then we obtain

Wtery (O +e730, +20,) W+ 2273 (02 420, 0, + €0, 0 )W + L1313 03 W
=W —engAW —egB[®(W) +e7 (S0 — $U;) + 272 (S ¥y — 20y)]
FL12R2 AW L2 R B [O(W) +e7 (80 — 30y)]
—2& 78 (A3 W + B3 @) + O(e?).
We identify the third-order terms of the previous relation:
{ 50,V + 55 (0,0, W + 0,0, W) + § W
=—B(SUy— 1) + 1 By (B — 20)) — L (A3 W + B3 @)
with
T—lo 04, 0,W =0, (-BXV¥,) = —BXd¥,.0,W = BXdV,.I';,
=~ 0,0,W = - 0,,(~AW = B®) = AT — - Bd®.0,W = ABXT, + Bd®.I,.
Then
= 0,W + 3 BEAULT + 5 (ABYT + Bd®.Ty) + g9} W
= —B(Z\Ilg—%\llg)—i—%Bg(E\Iq — %\Ifl) —%(A3W+83<I>).
We observe that
RW =0, (AT + Bdd.I') = 9y, (A (AW 4+ B®) + Bd<I>.F1)
=—A(ATy — Bdo.I';) — Bd(d®.T').Iy
= —A’T; — ABd®.T'y — Bd (d®.I'y).Ty,
A3 =A A+ By C, By= Ay B+ By D,
AsW + B3 ® = Ay (AW + B®)+ By (CW + D ®)
=(A’+BC)I'1+(AB+ BD)(d®.I'; — ¥,)
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GENERAL FOURTH-ORDER CHAPMAN-ENSKOG EXPANSION

=AAT+Bdo.I)+ B(CTy+Ddo.I'y) — By ¥y
=A(ATy +Bdo.IY) + B(d(de.Iy).Iy —dv,.Iy) — By Wy
= -0} W — BdV,.I'| — B, ¥y,
Uy =2dU. I +dPTy — DEV,.
In consequence, we have
2 0,W = =3 (BEdV.T1 + ABXT, + BA®.Ty) - BY W, + 5 B,
+5 By (B0 — 10) + ¢ (BdU.Ty + B, Uy)
=-1BYd¥, [N —ABYI -1 Bd®T,— BY ¥,
+1B (AU T +dPL, — DY Uy) 4+ $ B0 — (
=—BY U, — 5By Uy 4 : BAV,.T
because By = A B+ B D. Then the third relation of (23) is established, and I's is given by
the second relation of (27). O

1= %) B Wi+ ¢ BdY Iy

7) Chapman-Enskog expansion at order four

We establish the first relation of (28) and make explicit the expression for 3. Then we

extract the value of T'y from (20) and establish the second relation of (28).

e Chapman-Enskog expansion: End of the study at order three

We consider the second component of the relation (38):

Y +emg(0 460, +620,)Y + 5278 (02 +€0,, 0, + 0, 0,)Y + 2373 O}Y
=Y*—eng(CW+DY*)+ 123 (CoW + DY) — 2373 (C3s W + D3 Y*) 4 O(e?).

We insert in this relation the representation at order two of the nonconserved variables Y

and Y’ Y = (I)(W) + €7 (E \I’l + %\Ifl) + 82 Tg (Z \112 + %\112) + 0(83)
Y* = (I)(W) +£T0 (E \Ill — %\Ill) + 82 7'02 (Z \Ifg — %\Ilg) + 0(83).
Then
Y + &7 6t1 [q)(W) + &7 (2 \Ijl -+ %\Ill) -+ 82 Tg (2 ‘112 -+ %\112)}
+&279 0, [P(W) + 70 (B0 + 10| + 37 0, (W)
—|—% 52 Tg (9,521 [@(W) +E79 (E qjl + %\Ijl)] + %ES 7_02 3,51 8,52(I>(W) + %53 7—02 @2 8t1(I)(W)
+L1SBROW) =Y —eroCW
—erD[PW) +em (S0 — 20) + 273 (R0, — 20,)| + 1272 Co W
+1272 Dy [O(W) +e7o (2 — 3Uy)] — 2373 (C3 W + Dy @) 4 O(e*)
We identify the terms relative to €3 in the relation

YV -Y'=85Y -®)=crU,+&° 75 Uy +&° 75 U3+ O(c*),
and we deduce
Uy = =0, (R Uy + 505) — L0, (D0, 4 30,) — %atScD — 102 (20 4 30y)
— 50 0, 0, ®(W) — 550, 0, P(W) — § 03 & — D (20, — 3y)

2719

+3 Dy (S — 30y) — L (Cs W + D3 ).
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We have the auxiliary relations
0, (B Ty + 30y) = (X + 5) dW,.Ty
—2 0,(B2) 4 50)) = (X + 5)dU..Ty
—% O, ® = d®.T'3

LR (U, 4+ 10)) = (T4 1)8, (AV,.T) = —1 £ d(dW,.T}).Ty — Ld(dW,.Ty).T,

—% @tl 8t2(I)(W) — %8,51 (d(I)Fg)
—ﬁ 0752 ath)(W) - %8,52 (d(I)Fl)

—D (S0, — 1Uy) = —-DX WUy + 1DV,
%Dg (XU, — %\111) = %DQE\IQ — %Dg\h
and we obtain
Uy = (2 + %) dU,.I' + (2 + %) dv,.I's +dd.I'5 — % Y d(dv,.I).Iy
(39) —% d(dw,.I').Iy + %8,51 (d®.T'9) + %8,52 (do.I'y) — %8fl<l> — DXV, + % DY,
+%D22\111 — }LDQ\Ifl —%<03W+D3@).

We have also the final intermediate relation
—2 03+ (C5W + D3 ®)] = £ (D Wy + D AWy +d(d¥,.Ih).Ty.
This last relation comes from the following calculation:
0, ®=—-dol1=—-V, —CW-Do
O} ®=dV.I +CTy + DdO.I'y

=dv.I +C(AW+B®)+D (U, +CW + D)

=CoW +Dy®+ DUy +dU.Ty because Oy, = C A+ DC, Dy =C B + D?
O} ®=—-Coly — Dy (U1 +CW+ D®) — DAV.I'y —d(dV,.I').Ty

=—Cy (AW +B®)— Dy ¥y — Dy (CW + D®)— DAV.I'y —d(dV,.I').I

= Oy W — D3® — Dy ¥, — DAU.T; — d(d¥,.T}).T,
because C3 =Co A+ Dy C, D3 =Cy B+ Dy D
and —8?1<P —C3W —D3® = Dy Wy + DAV.T'y +d(dW,.I"y).I';. We insert this relation into
the expression (39) and we obtain

Uy =doT3+SdV,.Io+ 1 d¥, Ty + X dWs T+ 1 d¥y. Iy — L 8 d(d¥,.I).0 — L d(dw,.Ty).Ty
+108, (d®.Ty) + 10, (d®.Iy) — DXV + 2 DU+ 1 D, S0, — 1D, ¥,y
+1[Dy Uy + DAYy + d(d¥,.I4).I4]
=dP.T5+ XAV .To+2d(d®.[y —CW — D®).I + £d¥s.Iy + 1 d(Sd¥y.Iy
+d®.Iy— DX U;).I—32d(dV.I).T -4 d(d0,.Ty).0+3 8y, (dP.To)+3 8y, (d.T)
—DY Uy + 1D (2dV,. Iy +doTy — DEW) + 2D, S0, — L Dy Uy + L DAY,y
=doI; +XdV,. Iy — LCBYV; + 2d¥,.Iy — £d(d¥,.I4).[, - DXV, — 1 D2Y ¥,
+1 DXV — 5 Dy Uy + ¢ DAY,LT,
after combining several terms. Then we have finally
Us(W) =de.I5+Ed¥; Ty +SdUs.ly — 5 d(d¥,.I4).T = DXV, — L Dy Uy + 1 DAY,y

18



GENERAL FOURTH-ORDER CHAPMAN-ENSKOG EXPANSION

because Dy = C' B + D?. In this way, the first relation of (28) is established. U
e Chapman-Enskog expansion: Study at order four
We look now to the expansion (20) at order four:
m+eToOym+ 575 Ofm + ;375 Opm + 5y et 75 Ofm
=m* —empAm* + 12 ANPmt — 2 AP+ et g At + O(€P),
and, as usual with the Chapman-Enskog expansion, we replace the time derivative operator
Op by Oy, + €0y, +¢e% 0, +¢° 0, + O(e*) and deduce
m+e1y(0y +e0, +20, +30, +O(e"))m+ 1273 (0, +e0, +20, + 0(%))?m
+ 337330y + 20, + O(e2)* m + 5;e* 15 (04, + O(e))*m
=m* —erpAm* + 12 F APmt — 2 g AP mr + et g A mt + O(e5).
We expand the powers of the noncommutative operators,
m+e1 (0 + €0, +e20, +%0;, +O0(e?))m
+3 278 [0} + € (04, Ory + Ohy On,) + €2 (O}, + Dby Dby + Dby O1)] M0
+1 37307 m+ e (0, 02 + 0, Oy Oy, + 02 Ol m+ L e 75 0 m
=m*—eroAm* + 32 g A2m* — £ 8T8 A3 m + 5 et g At 4 O(°).
We take the first component of the above relation,
W +et(0y, +€0;, +20, + 30, + O(e!)) W
+2 272 (02 + € (O Ory + Or, Ory) + €% (O} + Oy Ory + Opy O1)) ] W
+2 273 (08 We (O, OF 401, 01, 00, +07. Oy, mA 55 €* 10 O W =W —e 19 (AW +BY™)
+3e 78 (AW + BoY*) — 2373 (A3 W + B3 Y*) + oy et 1 (Ay W + By Y™) + O(e°)
and we introduce the relation
Y = oW)+em (T - %) v+ (3 - %) Wy + 7 (3 - %) Wy + O(e)
into the right-hand side of the previous expression. Then we obtain the identity
W +ety (0 +0s, +6%0, +30, +O0(eh)) W
+2 278 (08 + € (04 Oy + O, Ory) + €2 (OF, + Oy Opy + Opy O1)) | W
+1 373 (00 W + € (01, 02 + Oy, Oy, Ory + 02 0| W + 5 e 10 O} W
=W —ecrgAW —enB[®(W) +en(Z — U+ (-2 U+ 375 (8 — ) U3
+2 2 AW + 228 B [P(W) +e70 (8 — 2) Uy + 273 (8 — 1) Uy
—1SB3 B AW = LS By [@(W) +e7(X — ) Uy + 55 et 7 (AaW + By @) + O(°),
and we identify the fourth-order terms relative to e:
o, W + ﬁ (07, + Dty Dy + Ory Op) )W + g (O, O, + Oy O, Oy + OF, Oy )W A+ 55 Of W
+B(X—3) V3 =B (8= D) U+ ¢ B3 (X —35) Uy — 5 (AyW + By ®) = 0.
Due to the fourth relation of (23), we can write
Iy,=BXE-1U;+ ﬁ (07 + 01,0y + 01,00, )W — 5 By (X — 3) U5

i (O, OF + 01,00,01, + 0F 0,)W + £ B (X — 3) Uy + 55 [0, W — (AW + B, @)].
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We make explicit the following algebraic expressions for intermediate terms:
= O W == 0,(I3) = = 2.0, W = d[.I,
T_lg Oy O, W = —0,I's = —dl'3.0, W = dI's5.T'y,
20,0, W = dI'.I's = AT + Bd®.T,
=0, B W = =0, (dT1.T1) = = 9, (AT, +d®.I'y) = —Adl.Ty — Bd ([d®.T).Iy,
=~ 04,01,0, W = 0, (AT1.Tg) = 0, (AT + Bd®.Ty) = —AdT2.T'y — Bd (d®.T).Ty,
~ O 0,W=0,,(dTy.T) = 8,,(BXd¥,.T,) = -BXd(dP,.T,).I',
and in this way we obtain
Ly=B(XE—-3)Us+ 3 [dlo.Ty+dl3.Ty + AT5 + Bd®.I's — By (X — 3) Vs
(40) —¢[AdD Ty + Bdd®.Ty).Iy + Adl.T'y + Bdd®.T,) I
+BYAd@dY,.T).T — By (2 —3) U] + o [0, W — (Ay W + B, D)].
We now establish the identity 0} W —(Ay W+ By ®) = B3 ¥+ By d¥;.I't + Bd d¥,.I').I';.
We have the following relations:
oW =-T1=—(AW + B®d),
O} W = AT, + Bdo.I,
=ATl1+ BV, +CW + D)
=AAW+B®)+BY,+BCW+BD®
=AW + Bo® + BY,
W = —AyT) — Byd®.I'y — BdV,.IT'y
=—-A (AW +B®) - By (V1 +CW + D®)— BdV,.I
=—A3W —B3® — BV, — BdV,.I'4
OpW = A3y + B3d®.I'y + By dV.I'y + Bd dV,.I').IT'y
=A3(AW+B®)+ B3 (V1 +CW +D®) + Byd¥,.I'y + Bd dV,.I').I'y
=AW+ By ®+ B3V, + Byd¥,.I'y + BddV,.I').Iy
and 0;11W —(AyW+ B, ®) = B3V + BodV,.I'y + Bd (dW,.I'y).I'y. We replace this relation
in the expression (40) to find
Iy=BYUs— B3+ 5 (Al Ty +dl5.Ty + AT+ Bd®.I's) — 1 By XU, + 1 By Uy
— ¢ [AdD Ty + Bdd®.Ty).Ty+ Adl.Ty + Bd(dP.T,).Ty + BEdd¥,.T).I']
+:B3X Uy — 5 By Wy + 5; [B3 Uy + BodV .y + Bd (d¥;.I').I]
=BX U3 —:B[2dV. Iy +dP.T3 — DX Uy + X dUs. Ty 4 £ DAY,.Ty — 5 D, Uy
— L d(dW,.Ty) T+ dlo. Do+ 3 Al T+ A[BE Vot By Uy —1 BAY.I]+1 BdO.Ts
—5 By XU+ 1 By Uy — ¢ AdT Ty — ¢ BAdP.I'y) Iy — £ AdT,.T'y — : BA[d®.T,).I
—+BXd(@¥,.I')T1 4§ BsX Uy — o2 By Uy + 5; BodU .y + 5; BAdV,.T).T

due to the expressions (27) for I'; and (28) for ¥3. We see that ten terms disappear from the
previous expression because X dV;.I'y = dIl'y.I'y, and BD+AB = By and BDy+ ABy = Bs.
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Then, after elementary simplification of some fractions, we replace I's in the expression
dI's.I'; by its expression given by (27) to obtain

Iy =BYVU3— s BYdY,I — 5 BDAV.Ty + 5d[BEUs + 5 By Uy — ¢ BAY,.I4].Ty
—5 ABAU T +1 By Uy — 2 AdD Dy — ¢ BA[A®.I). Ty —; AdD. [y — ¢ BA[AP.Iy).T
+5 B3 YWy — : BEd(AVY.T). + 5; Bod¥y.I'y + 15 BddW,.I).Ty.
Four terms clearly vanish and four others may be eliminated because BD + AB = B,. Then
[y =BY U3+ 1By Uy — ¢ Adl\.I, — : BA(dP.T,). Ty — : BAddP.I').I
+2(ABy+BDy) XV, —+: BXd@dV,.I').I,
=BY U3+ 1B Uy —t A(ABY U + Bd®.T,) — : BAAP.T). T, — t ABESAY,.T,
—¢BAAPT) 1+t ABY VY +: BD, XU, — ¢ BYdAP,.IN).Ty
=BY U3+ 1B Uy+ ¢t ABDY VU, — t ABAP.T, — ¢ BA(dP.Ty). Iy — ; ABXAY, .
—tBd(d®Iy) I +:BDy YW, — ¢ BEAAY,.Iy).Ty
=BY U3+ 1BV, —: ABU, — t BA(dP.T). Ty — : BAAP.I,).I' + ; BD, X W,
—¢BYd@dv,.Iy).T,y
because —Vy=D>X¥; —dP.I's — X d¥,.I'y. Then we have
{ [4(W)=BX U3+ ;ByUy+:BD X, — t ABVY,
—¢B(d(d®.I'y).Ty+d(d®.I5).Ty) — ¢ BEd(dV,.Iy).I.
In this way, the second relation of (28) is established. O

8) Survey and conclusions

In this contribution, we have considered the exponentiation of differential operators, classi-
cal for the BGK variant of lattice Boltzmann schemes. We have also used an exponential
iteration of the multi-resolution times lattice Boltzmann schemes. Then the “ABCD” block
decomposition of the moment-velocity operator matrix allows one to formulate in a compact
way the asymptotic expansion of the lattice Boltzmann schemes that give rise to the equiv-
alent nonlinear partial differential equations of the conserved moments. We have calculated
the coefficients of the expansion up to order four, with recursive formulas containing less
than seven terms. To do this, the intensive use of differential calculus is mandatory, but the
calculation has been systematized and the results have followed in an automatic way.

We have applied this expansion at second order for the compressible Navier-Stokes equa-
tions. We have proposed in [13] various lattice Boltzmann schemes in two and three spatial
dimensions with a single particle distribution. The higher-order expressions can be useful
to set initial conditions in simulations, in particular when studying behaviours of a given
symmetry. Third-order precision is also very interesting to avoid some defects of lattice
Boltzmann schemes, as studied in [28].

We hope that this work helps to standardize these kinds of calculations, since most all work
in this field involves expansions to fourth order or less. At the same time, this work is meant
to highlight the remarkable agreement between two so very different approaches, and to
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remind practitioners that the problem of establishing this agreement to all orders is still a
very open question.
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