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Over the last decades, several types of collision models have been proposed to extend the validity domain
of the lattice Boltzmann method (LBM), each of them being introduced in its own formalism. This article
proposes a formalism that describes all these methods within a common mathematical framework, and in this way
allows us to draw direct links between them. Here, the focus is put on single and multirelaxation time collision
models in either their raw moment, central moment, cumulant, or regularized form. In parallel with that, several
bases (nonorthogonal, orthogonal, Hermite) are considered for the polynomial expansion of populations. General
relationships between moments are first derived to understand how moment spaces are related to each other. In
addition, a review of collision models further sheds light on collision models that can be rewritten in a linear
matrix form. More quantitative mathematical studies are then carried out by comparing explicit expressions for
the post-collision populations. Thanks to this, it is possible to deduce the impact of both the polynomial basis
(raw, Hermite, central, central Hermite, cumulant) and the inclusion of regularization steps on isothermal LBMs.
Extensive results are provided for the D1Q3, D2Q9, and D3Q27 lattices, the latter being further extended to
the D3Q19 velocity discretization. Links with the most common two and multirelaxation time collision models
are also provided for the sake of completeness. This work ends by emphasizing the importance of an accurate
representation of the equilibrium state, independently of the choice of moment space. As an addition to the
theoretical purpose of this article, general instructions are provided to help the reader with the implementation

of the most complicated collision models.
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I. INTRODUCTION

During the past three decades, the lattice Boltzmann
method (LBM) was proven to be of particular interest to the
field of computational fluid dynamics. This started showing its
efficiency for the simulation of isothermal and weakly com-
pressible flows, where it is now considered to be a particularly
tough challenger for more conventional fluid solvers based on
the solving of Navier-Stokes-Fourier equations [1,2]. In the
meantime, the validity domain of LBMs was extended to a
very large set of phenomena which are not restricted any-
more to fluid mechanics [3]. Despite these successes, severe
stability issues were also encountered when simulating high
Reynolds number flows with LBMs based on the Bhatnagar-
Gross-Krook (BGK) collision operator [4,5]. A great number
of collision models have been proposed to circumvent this
issue. These models are either based on dynamic or static
single (multiple) relaxation time(s).

Most common LBMs based on dynamic relaxation times
can be divided into two categories: (1) large eddy simula-
tion (LES) based LBMs, and (2) entropic LBMs (ELBMs).
LES-LBMs rely on the well known fact that under-resolved
turbulent scales must be accounted for through the use of a
subgrid scale model [6,7]. This model mainly consists in mim-
icking the behavior of small scales through the dissipation of
structures at the grid cutoff size. This can be done modifying
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the relaxation time to take into account the additional eddy
viscosity which usually scales as the strain rate tensor.

Regarding ELBMs, these models ensure the H-theorem
to be valid after the velocity discretization of the Boltzmann
equation [8,9]. This is done solving a minimization problem
at each grid point and time step. This leads to a variable
relaxation time that locally self-adjusts to the flow. Hence,
a nonconstant dynamic viscosity is obtained with ELBMs,
especially when under-resolved mesh grids are used for the
simulation of high Reynolds (turbulent) flows. In that sense,
ELBMs seem very similar to LES-LBMs. In fact, Malaspinas
et al. proved the behavior of the ELBM was sharing simi-
larities with the standard Smagorinsky subgrid scale model
[6] since its dynamic viscosity also scales as the strain rate
tensor, and its value tends toward zero when the resolution
of the mesh grid is increased [10]. Nevertheless, solving a
minimization problem at each grid node and for each time step
induces a non-negligible extra CPU cost, which is higher than
for subgrid scale models, while sharing an equivalent accuracy
[11].

Hence, one may prefer to rely on the essentially ELBM
that was recently proposed by Atif et al. [12]. The latter sim-
plifies the minimization problem into the solving of a simple
quadratic inequation. Doing so, the CPU time efficiency of the
dynamic relaxation time computation is drastically improved.
Collision models proposed by Karlin, Bosch, and Chikata-
marla (KBC) are also an interesting alternative to improve
the numerical stability of LBMs at a low CPU cost, and
without modifying the kinematic viscosity. These collision

©2019 American Physical Society


https://orcid.org/0000-0002-0711-9819
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevE.100.033305&domain=pdf&date_stamp=2019-09-10
https://doi.org/10.1103/PhysRevE.100.033305

COREIXAS, CHOPARD, AND LATT

PHYSICAL REVIEW E 100, 033305 (2019)

models are based on an approximation to the minimization
problem, and use an analytic formula for the computation
of the dynamic relaxation time [13-19]. They can further
decouple the relaxation of shear modes from acoustic and
ghost modes, hence, freeing themselves from the generation
of spurious vortices induced by the use of a varying shear
viscosity in under-resolved conditions. Nevertheless, it is
worth noting that some theoretical work remains to be done in
order to properly define the validity range of the approximated
minimization problem [20]. Eventually, one can further find in
the literature stabilization techniques based on other kinds of
dissipation control [21-24].

Regarding LBMs based on static relaxation times,
d’Humieres originally proposed to apply the collision step
within the moment space to improve the numerical stability
of the resulting LBM through the increase of the number
of free parameters. This ended up in a multirelaxation time
(MRT) collision model for the D3Q19 velocity discretization
[25]. With this approach, several relaxation times controlled
the relaxation process of moments toward their respective
equilibrium state. This model was further popularized by the
two-dimensional (2D) formulation (D2Q9) of Lallemand and
Luo [26]. In their work, stability gains were obtained through
fine tuning of these free parameters via a linear stability anal-
ysis. Nevertheless, finding optimal values for all relaxation
times rapidly becomes a tedious task, especially in the three-
dimensional (3D) case. This is why two relaxation time (TRT)
models were then proposed by Ginzburg et al. [27,28]. In
their most simple and naive form, these models can be related
to both Lallemand’s and Luo’s work in 2D, and d’Humiere
et al. 3D extension [29], where a particular distinction is made
between the relaxation times of even (1) and odd moments
(r7). While the former is related to the dynamic viscosity,
the second one is a free parameter. Using very thorough
mathematical derivations, general relationships between 77
and 7~ were proposed through the so called “magic number”
A to improve both the accuracy and the stability of these TRT-
LBMs [30-32]. Both types of collision model were shown to
be of particular interest for the simulation of various types of
phenomena [32-37].

To further improve the numerical stability of MRT-LBMs,
several authors proposed to perform the collision step in the
moment space associated to the comoving reference frame
[38-52]. These models were originally named as cascaded
LBM by Geier et al. [38] due to the construction of high order
moments from lower order ones in a cascade-like way. Despite
an improved stability for high Reynolds flow simulations, this
model was still suffering from Galilean invariance defects
that were partially corrected later by the same authors [39].
Nonetheless, the complex implementation of the cascaded
process made it difficult to extend this collision model to both
a broader range of physics, and to other kinds of lattices. This
deficiency was overcome, for example, by Lycett-Brown and
Luo who simplified the derivation of the cascaded mechanism,
and applied it to the simulation of multiphase flows [41,49].
In the meantime, Dubois et al. properly reformulated the
cascaded model in terms of collisions performed in the central
moment (CM) space [42]. The latter being well known from
the point of view of statistics, more solid mathematical foun-
dations were then provided to these models. The same authors

also quantified the stability gain obtained with this kind of
collision models through a linear stability analysis [50]. In
their work, they further confirmed the superiority, in terms
of linear stability, of the tensor product basis as compared to
the more standard ones used in common MRT models. All of
these led to the extension of CM-LBMs to very different fields
of research such as shallow water and magnetohydrodynamics
among others [45,51,52].

The last version of these MRT-LBMs is based on a collision
step occurring this time in the cumulant space. By defini-
tion, cumulants are another kind of statistical quantities, such
as raw and central moments, that allow the description of
both continuous and discrete probability distribution functions
[53]. They were originally used for the simulation of gas
dynamics by Seeger et al. [54-56]. Their method was based
on solving equations obtained by taking cumulants of the
Boltzmann equation. In the LBM context, Geier et al. did
confirm the stability improvement induced by the collision
model based on cumulants instead of raw moments [57].
Nonetheless, it was done in an extremely reduced configu-
ration where the diffusive scaling was adopted, thus reducing
the validity of the comparison to flows governed by the incom-
pressible Navier-Stokes equations [58,59]. Hence, no infor-
mation regarding the generation and propagation of acoustic
waves can be deduced from either their work or from those
that followed [60—62]. More surprisingly, no comparison with
central moments was provided for the most complicated case,
i.e., the study of the flow around a sphere. As a consequence, it
is still not clear if cumulant methods are (or not) always more
stable than CM-LBMs at the time of writing.

In parallel to MRT-like collision operators, regularization
steps were proposed to increase the stability of the BGK-
LBM in the low viscosity limit. This kind of LBM was
originally proposed by Ladd et al. to reduce the memory
consumption [63]. Nevertheless, it was rapidly shown to be
able to improve the numerical stability by filtering out nonhy-
drodynamic modes (Latt and Chopard [64,65]), and ensuring
the rotational invariance of the numerical scheme (Chen et al.
[66]). This model was further extended to high order velocity
discretizations by Zhang et al. [67]. A recursive version of
these models was recently derived for standard [68] and high
order LBMs [69]. This recursive approach was proven to
increase the numerical stability of LBMs as compared to
the original regularized collision model [70]. It was further
shown to be competitive against state of the art Navier-Stokes-
Fourier and LBM solvers for the simulation of jet noise [71].
This confirmed its capability for high fidelity simulations,
including computational aeroacoustics of moderate to high
Reynods number flows. In the meantime, Mattila et al. worked
on a regularization step operating in the comoving reference
frame [72]. They noticed that by neglecting particular central
Hermite coefficients, they were able to recover the recursive
formulation of Malaspinas. These coefficients being related
to diffusive phenomena, they were supposed to be negligible
for high Reynolds number flows. In the end, all the aforemen-
tioned regularized models were also employed to simulate a
large panel of distinct phenomena [69,71,73-78].

Despite a wide variety of collision models, only very few
comprehensive and consistent comparative studies have been
conducted in the past. Most of them are restricted to less than
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four collision models, or are only based on numerical test
cases, and contain only very few sound comments on their
respective theoretical discrepancies. The former issue most
likely comes from the fact that each type of collision model is
usually introduced in its own framework. Consequently, it is
complicated to express all the collision models within the very
same framework in order to eventually compare them to each
other from a general viewpoint. Regarding the lack of theoret-
ical comparisons, it can be explained by the non-negligible
mathematical background required to properly derive links
between collision models. Nonetheless, rigorous comparisons
relying on different tools are also available in the literature.
As an example, several authors used linear stability analy-
ses to quantify the numerical stability of collision models
[4,26,32,34,50,70,79-85]. In addition, it is worth noting that
studies dedicated to the derivation of links between several
kinds of LBMs from a (more or less) theoretical viewpoint can
also be found in the literature. Among them, one may refer to
Refs. [24,27,42,57,69,86] and references therein. Eventually,
it is worth citing the recent work by Gehrke et al. which
focuses on stabilizing mechanisms that might explain the
discrepancies, in terms of robustness and accuracy, between
several collision models in both resolved and under-resolved
conditions [87]. Another particularly interesting comparative
study was proposed by Haussmann et al. in order to quantify
the impact of both the collision model, as well as the time step
scaling, on the simulation of decaying homogeneous isotropic
turbulence via D3Q19-LBMs [88].

Knowing all of this, this work proposes a formalism that
describes all static methods within a common mathematical
framework, and in this way allows us to draw direct links
between them. This is done considering the LBM in its general
form, i.e., with no restriction to the incompressible regime.
In addition, it is intended to answer several questions that
arise from the literature. For instance, one can wonder if all
collision models can be rewritten in a linear matrix form
as originally proposed by Higuera et al. [89], and further
discussed in the context of LBMs by several authors [25,90].
If this assumption were to be true, then it would be possible
to easily switch from one collision model to another through
(1) matrix products and (2) adjustments of relaxation frequen-
cies. One can also wonder if the equilibrium state does or does
not depend on the Galilean invariance properties of the col-
lision model, and consequently, if the resulting macroscopic
behavior of the LBM also depends on the collision model
[38,39,57,60]. As a consequence, this work can be considered
as the first (theoretical) stage of a large project that intends
to compare collision models from both a theoretical and a
numerical viewpoint.

The rest of the paper is organized as follows. Recalls on
statistics are first provided in Sec. II. Thanks to them, the way
all kinds of statistical quantities are linked is determined by
relating their moment generating function to each other. All
collision models are then thoroughly reviewed, and potential
links between the models that have been previously pointed
out in the literature are recalled (Sec. III). In this way, a first
picture of all the families of collision models is drawn. In
the following sections (Secs. IV-VI), relationships derived
between moments are used to carry out, in a straightforward
way, the comparative study of post-collision populations for

lattices of increasing complexity (D1Q3, D2Q9, D3Q27, and
D3Q19). All algebraic manipulations are detailed for the most
simple lattices, hence allowing the reader to readily extend
the present approach to any kind of LBMs. This comparative
study ends with a reflection on macroscopic equations result-
ing from the LBM. General conclusions regarding the main
discrepancies and similarities between collision models are
finally made in Sec. VIIL.

For the sake of completeness, several appendices are also
provided to help the interested reader properly understand
all concepts addressed in this work. Lattice structures and
partial Bell polynomials are described in Appendices A and
B. Relationships between one-, two-, and three-dimensional
statistical quantities are gathered in Appendices C—E, respec-
tively. Linear transformations leading to the matrix form of
collision models are compiled in Appendix F for the D2Q9
lattice. Explanations regarding the way to build them are
also provided, which allows a straightforward calculation of
these matrices for any type of lattice. The D3Q27 formula-
tions of all types of populations are recalled in Appendix G.
It is also explained how to easily derive their D3Q19 counter-
parts. Eventually, the most general form of equilibrium states
is presented in Appendix H.

To help the reader with the implementation of the most
complicated collision models, general instructions are fi-
nally provided. More specifically, pseudocodes, describing the
computation of each type of moment, as well as, equilibrium
and post-collision populations, are supplied for both the D2Q9
and the D3Q27 formulations as Supplemental Material [91].

II. THEORETICAL BACKGROUND ON STATISTICS

This section aims at deriving links between statistical
quantities of interest, which can be used to (1) relate collision
models between each other, but also to (2) derive them in
any dimension and for any lattice. The reader that is more
interested in results that are related to statistical physics and
LBMs can directly refer to Sec. II G and subsequent sections.

A. Motivations

As it will be shown in Sec. IV A, the choice of the moment
space directly impacts the derivation of LBMs through their

populations
ﬁ = Z Ci,nPi,n,
n

where c;, is a coefficient related to the moment P, ,, both
yet to be defined. To properly quantify differences between
LBMs, it is then essential to understand how all kinds of
moments are derived, and how they are linked to each other.
In this work, it is proposed to relate families of moments
through their sole common feature, namely, their generating
function. This method further simplifies their calculation in
any D dimension, D being the number of physical dimensions.

B. Moment generating function

To properly understand how relationships between raw,
Hermite, central, central Hermite moments, and cumulants
are derived, it is necessary to introduce the notion of (raw)
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moment generating function (MGF) M of a probability dis-
tribution function f:

M) = / exp(EX)f(£)dE. (1)

By expanding the generating function of monomials in power
series,
EX)"
Oy =exp(EX) =) =,

n

the MGF can be directly linked to raw moments M,, of f as
follows:

X" X"
M) = Z( / é”f(é)c@)H -ym o

n

where n!=nxm—1)x...x2 x 1. Hence, (raw) mo-
ments of order n are obtained through the partial derivatives
of the MGF (2) evaluated at X = 0,

M, = M™(0), 3)

M being the nth derivative of M with respect to X. In
the rest of the paper, My = 1 will be assumed. This corre-
sponds to the assumption of normalized moments, as already
used by several authors in the lattice Boltzmann community
[14,41,92].

C. Hermite moment generating function

Hermite moments are defined through their generating
function

HX) = / exp (EX — OXP/2) fE)dE. (&)

where @y = exp(§X — ¢2X?/2) is the generating function of
Hermite polynomials as they are usually defined in the lattice
Boltzmann framework, i.e., taking into account the lattice
constant ¢, [69]. As a reminder, Hermite polynomials up to
n =6 are

Hy€) =1,
Hi(§)=¢&,

Hy(§) =€ — ¢,

Hy(§) = & —3cjE, (5)

Hy(§) = £* — 6c]8” + 3¢},
Hs(§) = £ — 10c]€” + 15¢}¢,
He(§) = £° — 15¢%6* 4 45¢% €2 — 15¢°.

Since (Hermite) polynomials are linear combinations of
monomials, then relationships between Hermite and raw mo-
ments will be the same as those between their polynomial
counterparts. To derive these relationships, let us start notic-
ing that both polynomial generating functions are linked as
follows:

Dy = exp (EX — ;X?/2) = Dy exp (—c;X?/2).

Since these polynomials are obtained by deriving n times
Oy (Pyy) about X = 0, the only expression that needs to

be evaluated is the nth derivative of exp(—c2X?/2). While
its general formulation is quite complicated, it can easily be
shown by induction that

4® 1 ifk=0,
2y2
me_c-‘x Plx—o = (—cf)k/z(k — D! ifkiseven, (6)
0 otherwise,

with “!!” standing for the double factorial, i.e.,

k—1M=k-1)xk—-3)x---x3x1.
Hence,

" n d(k) 2y2
H(n) X) = = X2 M(n—k) X , 7
(X) Zg(k)(we Xx).

with (}) = n!/k!(n — k)! being the binomial coefficient, and
where Hermite moments are defined as

A, = H™(0).

The inversion formula is simply obtained changing —c? to
+c?in Eq. (7),

" n d(k) 2y2
M(n)(X) — Z <k> <mech /Z)H(n_k)(X), 8)

k=0
where now
d® c2X2/2 k/2 : ?fk : 0,
o lx=0 =1 (c2)""(k — DI ifkis even, ©)]
0 otherwise.

D. Central moment generating functions

Regarding central moments ]\71,,, their generating function
reads as

M) = f expl(& — MDX1f(€) de

=Z[/(E—Ml>"f<s>ds]i—f

~ X"
=) M, (10)

A simple way to link raw and central moments is to express
the central moment generating function as

MX) = exp(—=M; X )M(X).

Using the binomial formula, the nth derivative of M (X) then
becomes

n

MO0 =3 (Z)(—Ml FHEMOX).

k=0

Eventually, evaluating the nth derivative about X = 0 leads to

i, =Y (Z)(—Ml Y M. (11)
k=0

The inversion formula is simply obtained noticing that

MX) = exp(M; X)M(X).
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Following the very same steps as before, one ends up with

n n -
M=) (k> (M,)"* My
k=0

Since Hermite polynomials are linear combinations of
monomials, the above derivation can be applied to link raw
and central moments in the Hermite expansion framework

~ " n
Av=)_ <k>(—A1)"’<Ak,
k=0

where K,, are central Hermite moments, and A; = M; since
H, (&) = &. Finally, the inversion formula is

12)

13)

n

A=Y <Z) (A"

k=0

(14)

E. Cumulant generating function
When it comes to cumulants, their generating function C
is defined as [53]

KX) =In[MX)]. 15)

Its power series expansion allows us to link cumulants and
raw moments as follows:

M, X?

= In(My) + In 1+ZM o
0 .

p=1

(=

=In(Mo)+ )

>l p>1

D X
Sy el

Py
> > P

(16)

where In(My) = 0 due to the normalization My = 1. The
series expansion of the logarithmic part was computed using

(=1

In(1+Y)=>" Y9,

g1

withY =3 -, MpX"/p!.
To determine the inversion formula, the starting point is

M(X) = exp[K(X)]. a7

Taking its power series expansion, the following expression is
derived:

X" 0. ¢
ZM,,—| = exp Kp—'
- n! > p!

q

1 X7

1\ >

(18)

In their current formulation, it is quite difficult to use Egs. (16)
and (18). This is why two ways of simplifying these formulas,
as originally proposed by Kendall [93], are presented here-
after:

“Handmade” expansion of the double sum. It consists on
expanding the right hand side of these formulas assuming
truncated sums. Relationships are then obtained identifying
polynomials coefficients of " with those of 1779, where p +
g = n (uniqueness of the power series expansion). In other
words, by considering p < n and g < n, one just needs to
collect all coefficients of #". Even if this method is rather
general, it rapidly leads to lengthy calculations even for small
values of n.

Partial Bell polynomials. They are used in combinatorial
mathematics to study set partitions [94,95]. These polynomi-
als are defined as follows:

q

. xm 1 Xr
Y Bkt XD ==Y =] . (19
P n! q! S p!

where B, ; are partial Bell polynomials. They can be individ-
ually computed thanks to the recursive formula

n—k+1 n—1
Bui(xt, .. Xagq) = Y (l B 1>X/Bnl,k1,

I=1
with
Boo =1,

B,o=0(k=>=1), Box=0m2=1).

Expressions up to n = 6, and further details concerning these
polynomials, are given in Appendix B. Injecting Eq. (19) into
(18), the nth raw moment is simply expressed as

n
My=7) BuiKi. .. Kicgerr).
k=1

(20)

Likewise, the nth cumulant is obtained via the inversion
formula of partial Bell polynomials [93]

n

K=Y (=1 (k = 1)!B,x (M, ...
k=1

M) 2D

To obtain formulas between cumulants and other statistical
quantities, one simply needs to switch between the quantity of
interest to its raw moment counterpart, and then use the above
formulas. Relationships between all kinds of moments, up to
n = 6, are detailed in Appendix C.

F. Multivariate extensions

In the D-dimensional case, the multivariate generating
moment function is now defined as

D
MX) = / exp (Z skxk>f(s> d,
k=1

where X = (Xy,...,Xp) and & = (&, ..., &p) are now vec-
tors. As in the univariate case, moments are obtained through
successive differentiations of M(X) about X = 0. For the
most complicated case (D = 3), this leads to

Mgy = MP27(0,0,0).

(22)

(23)
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M, is a raw moment of order n = p+q +r. MP47) is
the nth derivative of M, where p, ¢, r are the number of
differentiations with respect to &, &,, and &..

While rederiving all relationships between statistical quan-
tities using Eq. (22) is relatively straightforward, the compu-
tation of multivariate cumulants rapidly becomes lengthy. It is
proposed hereafter to rely on a rather elegant way to extend the
derivation of cumulant formulas to the D-dimensional case.
The most general way relies on advanced knowledge of set
partitioning. Here, it is preferred to use a simpler, yet rigorous,
method based on a particular kind of differential operator.
This approach was originally proposed by Kendall [93], and
explained in more details by Cook [53]. Let us start from

M; = K3 + 3K:K, + K;. (24)

Each component of M,, or K,, depends on &} in such a way that
Eq. (24) can be rewritten as

M(E)) = K(&)) +3K(§)K(E) + K&)' (29)
Applying the operator A’y‘ = £,0/0&, to the variable of M (Sj )
leads to [53,93]

0
AME)] = &5 M(ED)
= M(38%%))
= 3M (7))
= 3M,,;. (26)

When it comes to the right hand side terms of Eq. (25), the
following formulas are obtained:

A[K(E])] = 3Kar, 27)
AY[3K(£7)K (5] = 6K Ko + 3KpoKo1,  (28)
ASIK (6] = 3K Kor. (29)

Using Eqgs. (26)—(29), M»; is eventually linked to cumulants
through

My = K1 + KxoKo1 + 2K11K10 + Ky Ko (30)
Applying A7 a second time leads to
My = K1 + 2K11Ko1 + KoaKio + Ki0Kg, s 3D
while applying it a third time further gives the expression
Mos = Ko + 3KoaKor + K. (32)

The formula for Mj is simply obtained noticing that &3 =
éféy(.), and then taking 0 as second subscript for all terms in
Eq. (24):

M3y = K30 + 3K20K10 + K. (33)

As a way to confirm the validity of the above third order
bivariate moments, one just has to sum all subscripts for each
moment. If the bivariate formula is correct, then one should
obtain the univariate formula for M5 as a result.

To derive trivariate (D = 3) formulas, two operators of the
same kind are required, namely, AY and A}. Using them, it is

straightforward to obtain trivariate expressions, such as
My = A7[M3]/3
= Ko1 + KaooKoor + 2Ki01K100 + KigoKoor,  (34)
and
My = AJ[M3]/2
= K11 + Ki10Koo1 + Ki01Ko10
+ Ko11K100 + Ki00Ko10Koo1 - (35)

Once again, one can check the validity of the above formulas
summing all subscripts for each moment, and comparing the
result with the univariate case, i.e., M3. While Kendall’s differ-
ential operators might appear rather empirical, it is important
to know that they rely on rigorous mathematical derivations
originating from the multivariate version of the Taylor series
expansion of generating functions [53,93]. Using this method,
only univariate formulas up to n =4 (n = 6) are needed to
derive bivariate (trivariate) statistical quantities of interest
for the D2Q9 (D3Q19, D3Q27) lattice. Univariate formulas
are summarized in Appendix C, whereas expressions needed
for the implementation of the D2Q9-, D3Q19-, and D3Q27-
LBMs are compiled in Appendices D and E.

G. Application to the normal distribution

In kinetic theory, the normal (or Gaussian) distribution
plays a major role in the modeling of the collision term.
Indeed, the relaxation process is usually based on the BGK
assumption which says that collisions make distribution func-
tions tend toward their equilibrium state [96]. The latter
follows a normal distribution function and is usually named as
the Maxwell-Boltzmann equilibrium (distribution) function. It
reads as

0
(27c20)"” T [_

where D is the number of physical dimensions, p being the
density, u the macroscopic velocity, & the mesoscopic velocity,
0 = T /T, the reduced temperature, and ¢, the isothermal (or
Newtonian) sound speed. In this work, only isothermal LBMs
are considered, which implies that 7 = T so that 6 = 1.

Injecting Eq. (36) in the definition of raw, central, Hermite,
central Hermite moments, and cumulants, one can derive their
equilibrium counterparts. Another way to obtain all equilib-
rium quantities is to start with equilibrium raw moments in
either the univariate or the multivariate case, and then use
corresponding formulas (Appendices C-E) to compute other
families of moments.

Starting with one-dimensional equilibrium raw moments,
one obtains, upton = 4,

eq _ eq _
My =1, M" =u,,

eq _ 3 2
M5" = ui + 3u,cy,

&—u)y

eq 0) =
f“(p,u,6) 220

} (36)

My = + ¢,

eq _ 4 2.2 4
M, =ui + 6ujc; + 3c;.
Related central moments are then
vred v7ed vred 2 v7ed vred 24
M,"=1 M"=0, M, =c;, M;y"=0, M, =3¢,
while equilibrium Hermite moments read as

eq _ eq _ eq _ 2 eq _ 3 eq _ 4
Ay =1, Al'=u, A =u, Ay =u,, A, =u,,
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and equilibrium central Hermite moments are expressed as
Aed Aed _ peq _ qeq _ peq _
Ay =1, A"=A=A7=A"=0.
Eventually, equilibrium cumulants are

eq eq eq 2 eq eq
K4 =0, K9=u, K‘=c, KI=0, KI=0.

In the context of LBMs, central moments are usually
preferred to their counterparts in the reference frame at rest
because, for the former, the collision is applied in a moment
space that is not impacted by Galilean invariance issues
[38,39,43]. Nonetheless, lattice dependent defects still remain
in M;Z (p > 0) through terms proportional to ¢, that are non-
negligible in the weakly compressible limit since ¢, >> u for
the latter. Thus, one may wonder if, in the isothermal case,
it would not be wiser to apply the collision in the central
Hermite moment space instead. In addition, one of the reasons
behind the use of cumulants is that they allow us to easily
quantify deviations from a normal distribution since K;? = 0
for n > 3 [97]. But once again, it seems more logical to rely
on central Hermite moments since A,,q =0 forn > 1 in the
isothermal case. Such a result can further be extended to the
thermal case by relying on temperature-normalized velocities
[98].

Multivariate formulations of all kinds of equilibrium mo-
ments are simply obtained thanks to the isotropy of the mul-
tivariate normal distribution. Hence, multivariate equilibrium
moments are built through products of univariate ones.

Henceforth, only equilibrium moments computed via the
Maxwell-Boltzmann distribution function will be considered.
But it is also worth noting that depending of the physics
of interest, other equilibrium distribution functions might be
used, e.g., those derived from the principle of maximum
entropy [99,100]. Interestingly, the latter methodology was
used in the lattice Boltzmann community for the derivation
of exact [101,102] and approximated [103,104] equilibrium
distribution functions. A few words about exact formulations
can be found at the end of Appendix H.

III. REVIEW OF COLLISION MODELS

The LBM is a very specific numerical scheme employed
to solve the lattice Boltzmann equation, a set of Boltzmann
equations resulting from the discretization of the velocity
space.

A. Lattice Boltzmann method

This method describes the space and time evolution of
the velocity distribution function (VDF) fi(x, &;,¢), also re-
ferred to as “population” in this work. Roughly speaking,
this quantity can be assimilated to the number of fictive
particles at a point (x, ¢) and characterized by a given velocity
&.. Its space and time evolution are obtained following two
(dimensionless) successive steps:

fEee ) = fAx 1) + (1 — Q) f “x, 1), 37

where f;* are post-collision VDFs. Equation (37) is the colli-
sion step that locally takes into account the rate of change of f;

due to collisions, where €2 is the collision model in its general
form, f? is the equilibrium VDEF, and f? is the deviation
from the equilibrium state. Equation (38) corresponds to the
streaming step that propagates f; to their neighboring nodes
following the direction &;. Altogether, they form the famous
“collide and stream” algorithm which shows both CPU time
efficiency and accuracy [59].

Hereafter, the discussion will be restricted to the D2Q9
lattice. This is done for the sake of simplicity, and because it is
sufficient to explain the differences between collision models
of interest in this work.

B. BGK collision model

In the particular case of the BGK collision operator,

Q=o, f=(fi- "),

with w, = 1/(r 4+ 1/2) the collision frequency, T being the
relaxation time, v the kinematic viscosity, and ffq’z is the
standard second order equilibrium VDF [105,106]. Using this
collision model, severe stability issues have been reported
in the zero viscosity limit [3]. While one can improve the
numerical stability of the LBM changing either the space or
the time discretizations of the streaming and collision steps
[107-111], it is usually preferred to derive new collision
models introducing new forms for either 2 [25-27,38,42,57]
or f"1 [64,65,68,69]. Doing so, both the efficiency and the
accuracy can be preserved in most of the cases, and the
stability of the resulting LBM is drastically improved.

C. Raw moment space

To circumvent the stability issue, it has first been proposed
to apply the collision step in the moment space through a MRT
collision model [26]

ISM fneq (ﬁ feq 2)

where S is the collision matrix which may have a diagonal
form depending on the choice of moments. M and M~!

commonly defined as orthogonal matrices allowing us to
move from the nine-dimensional velocity space

(o, 1. f2, f35 Ja» f5: J6» f75 S8)

to the nine-dimensional orthogonal moment space

QMRrT =

(103 jx’ jya e, pxx’ pxya Qx, ‘Zya 8)5
and vice versa. The polynomial basis related to this moment
space is

BMRT - (M M/A ) M/) ) M M[’n ’ M[’n ) M Mq\ ) M ) (39)

and it is built using the Gram-Schmidt orthogonalization

procedure based on a unweighted scalar product.
In the present case, the collision matrix is defined as [26]

Syrr = diag(0, 0, 0, w,, w,, ®,, w4, W, ©).

Hence, the linear matrix form of 2 allows the proper control
of the relaxation process of each moment. This approach can
drastically increase the numerical stability of the MRT-LBM,
but this will depend on the choice of both the moment space,
M and M~! [50], and the relaxation frequencies composing
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the collision matrix S [26]. This last point becomes a huge
drawback in either the 3D case or when dealing with high
order LBMs since the number of parameters that need to be
fine tuned rapidly becomes very large.

To reduce the number of free parameters in a general
way, the TRT-LBM was proposed [27,28]. In the context of
the orthogonal basis Byrr (39), it relies on the following
decomposition into a symmetric (even moments), and an
antisymmetric (odd moments) subbases [59]

Brr = Byipr U Bygr-
with
BI_\F/IRT = (Mpa Me,MpmMpw Me)v
and
Bl;[RT = (ijs Mj,w M,,, qu)~

Hence, the relaxation of even and odd moments is decoupled
using two relaxation frequencies. In the above context, this
leads to

— di S I e
STRT_dlag(Ovoaoaw 70) 7('0 ,CU 70) aw )a

with ot = w,, (1/o~ —1/2) = A/(1/w™ — 1/2), and A the
“magic parameter” that controls both accuracy and stability of
the TRT-LBM [30-32,37].

It is worth noting that, by relying on its original set of
relaxation frequencies, the orthogonal MRT model is not well
suited for aeroacoustic simulations. Indeed, the standard value
of the relaxation frequency related to acoustic modes (w,)
is always far from 2, hence leading to huge values of the
bulk viscosity [26,29]. This further increases the stability of
the corresponding LBM by overdissipating acoustic waves
[34,81,112]. But, from the theoretical viewpoint, the major
defect of the above models is that they originally relied on
polynomial bases including high order terms that are not
compliant with the velocity discretization. Taking the example
of g,, its associated vector is

My, = [_5 + 3(Efx + Si%y)]%‘i,x’

and it reduces to
M, = (_2 + giz,y)é:i,x’

due to the aliasing defects &’ =&, and &, =&, of the
D2Q9 Ilattice, where &, &, € {0, &=1}. The same issue is
also encountered with M,, and M. Unfortunately, this alias-
ing problem remains present for D3Q19 and D3Q27 lattices
where it might be even more dominant. Nevertheless, both
defects can easily be circumvented by using (1) the correct
value of the bulk viscosity to compute w,, and (2) a poly-
nomial basis that is not affected by aliasing issues [see, for
example, Eq. (40)].

It is also worth noting that these models were shown to
recover the behavior of the BGK collision operator based on
ff’ﬂ if one neglects higher order velocity dependent terms.

Knowing that a fourth order equilibrium state £/ increases
the linear stability of the LBM [70,85], it would be interest-
ing to determine if these orthogonal MRT and TRT models
recover the behavior of the corresponding BGK-LBM. A few
words regarding this possible link can be found in Sec. V C.

In the rest of the paper, LBMs based on the orthogonal
basis (39), and their 3D extensions [29,113,114], will be
denoted as orthogonal MRT and TRT models.

To find polynomial bases compliant with the order of accu-
racy of the velocity discretization, it was proposed to build
D-dimensional bases following tensor product rules of 1D
bases [92]. Since the D2Q9 lattice is a second order velocity
discretization [106], these rules lead to the construction of a
basis only composed of polynomials of the form & & with
n < 2 and m < 2. The most natural basis compliant with the
D2Q9 lattice is then

BTP = (11 gi,xv Ei,yv gfxv gj?ya gi,xéi,w éi%xsi,ys ‘s;:i,xgj?yv él%xéiz’y)7
(40)

where the subscript TP stands for the tensor product for-
malism. In fact, any basis composed of linear combinations
of Brp elements would also be correct. Hence, its Hermite
counterpart (HTP) could also be used [68,69],

Bute = (Hi 00, Hi 10, Hi,o1, Hi 20, Hi 02,
H; 11, Hiz1, Hi12, Hi ). 41

If one wants to further decouple shear and bulk viscosities,
one simply needs to change Sfx and Efy (H;»o and H; ) to

2o+ & and 7 — &2 (Hizo + Hiox and Hizo — Hi2) as
proposed in Refs. [13,41,115].

This TP approach paved the way for a systematic derivation
of new MRT-LBMs as introduced hereafter. It is finally worth
noting that other kinds of TRT models were also proposed in
different contexts [80,116], but they will not be studied in this
work since they do not introduce new concepts as compared
to those already contained within the orthogonal TRT model.

D. Central moment space

Despite a non-negligible increase in stability of both the
MRT- and TRT-LBMs, issues were still encountered when
simulating high Reynolds number flows. It was then sug-
gested by several authors to improve the numerical stability
of MRT-LBMs by applying the collision step in the comoving
reference frame [38-52].

These models rely on two modifications of the previous
MRT-LBMs. First, the collision is applied in the central
moment (CM) space based on either the TP [38,39,41,44-48]
or the orthogonal MRT formalism [42,50], i.e.,

Bem = Brp or Burr,

where the tilde stands for the velocity shift of each vector
of the basis: & , = &; , — u, and §;, = &; , — u,. Second, the
equilibrium state is also expanded following the TP formal-
ism, leading to the inclusion of third and fourth order terms
in the definition of f/. It is important to note that while
these terms were added in an a posteriori manner in the
first (cascaded) model [38,39], the TP formalism offers an a
priori and systematic way to include high order terms without
exceeding the order of accuracy of the lattice. By extending
the previous reasoning on equilibrium moments to the equilib-
rium population itself, one can derive new equilibrium states
that includes high order Hermite polynomials. This improves
the Galilean invariance of the resulting LBM in a systematic

033305-8



COMPREHENSIVE COMPARISON OF COLLISION MODELS ...

PHYSICAL REVIEW E 100, 033305 (2019)

and a priori way, using either the CM formalism [47,48,117]
or any other one. This point will further be investigated in
Sec. VID.

The CM-LBM can be summarized by

SzCM — M—lN 1SNM fneq (ﬁ feq exl)

where N and N~! are the velocity dependent matrices used
to move from the raw to the central moment space, and vice
versa [42,44]. In the particular case of a flow at rest (i, =
u, = 0), these matrices reduce to the identity matrix, and the
orthogonal MRT (or TP) collision model is recovered. f¢7-X
is the extended equilibrium state that includes up to fourth
order (sixth order) terms for the D2Q9 (D3Q27) velocity
discretization [47,48,117]. Both of these modifications lead to
a drastic stability gain, and especially when the TP formalism
is adopted for the moment space [50]. This is why only this
formalism will be considered in this work.

Eventually, it is important to note that despite a further
stability increase, these models were mostly validated impos-
ing acoustically related moments (those including the trace of
second order moments) to their equilibrium value in the single
phase and isothermal case [38-40,43]. This translates in a
severe overdissipation of acoustic waves. As a consequence, it
is of paramount importance to properly decouple the stability
increase induced by the CM-LBM itself, from the one induced
by the bulk viscosity. A few results about this problem can be
found in Ref. [50], but more in depth investigations are still
required to properly decouple these two stabilization mech-
anisms. For example, it would be interesting to quantify the
impact of the moment space, and of relaxation frequencies, on
both academic and realistic configurations that would include
acoustically related phenomena.

E. Regularization steps and Hermite moments

In parallel of the derivation of CM-LBMs, another type of
collision models has been proposed to increase the numerical
stability of the BGK-LBM without accounting for collisions
in the moment space. Instead, these regularized collision
models aim at filtering out nonhydrodynamic contributions
that appear during the streaming step [64—78]. This is done
projecting the nonequilibrium VDF on Hermite polynomials
up to a given order N. Hence, this regularized collision model
can be summarized as

N

_ neq _
QprN = @y, —wiE

n=0

neq
e 2nan ‘H;,,

where “:” is the tensor index contraction (or Frobenius in-
ner product) w; are the quadrature weights, ¢ is the lattice
constant, a, are Hermite coefficients, and the subscript PRN
stands for the projection based regularization at order N, with
N = 2 in the original model [64,65], whereas N > 3 for high
order LBMs [67,69,70,73]. In the original PR framework,
Hermite nonequilibrium coefficients read as

afd =" (fi— £ H;p. (42)

i

The above description corresponds to the way the regulariza-
tion step was first introduced. In fact, it can be reinterpreted in

terms of a MRT collision model based on Bytp (41) and the
corresponding extended equilibrium state [70]

feq 4)

and where Spr2 = diag(0, 0, 0, w,, w,, Wy, @3, W3, Wy), With
w3 = wgq = 1. This is the sole set of relaxation frequencies
that will be considered for this collision model in this work.
It is interesting to note that a more general MRT-LBM
based on the Hermite moment space was also introduced in
Refs. [118,119], and that this model was recently shown to be
a generalization of the lattice kinetic scheme [85].

Despite its great success in various fields [73,75-77], it
was recently proven that this model does not filter out all
nonhydrodynamic contributions [68,69]. The reason lies in the
fact that part of them are still present in @) via f; — f°4*,
Indeed, the latter only reduces to the first order (Navier-
Stokes-Fourier) nonequilibrium VDF fim in the continuum
limit, which might not be valid anymore when the mesh
becomes very coarse, i.e., non-negligible Knudsen number
based on the grid cell size. To counter this defect, its was
proposed to impose the correct nonequilibrium part through
a recursive computation of a'! using formulas derived from
the Chapman-Enskog expansion [68—71]. This recursive reg-
ularized (RR) collision model is defined as

Qpra =M7'SM, [/ = (fi —

N

ne 1
Qrry = M7ISM, [ =wi Y nlc2n @
n=0

. Hi,na

with § = w,I in the original model, I being the identity
matrix. The recursive formulas for the computation of a'V
were derived in Refs. [68,69]. They are recalled in the case of
the D2Q9 lattice in Eq. (83), whereas formulas for the D3Q27
are summarized in Eq. (90). The single relaxation time (SRT)
PR collision model was shown to recover the behavior of the
BGK operator when it is applied to the complete Hermite
polynomial basis of the D2Q9 lattice, i.e., wy = w3 = w, [69].
When it comes to the RR procedure, no direct link with the
BGK operator is known at the time of writing.

Before moving to LBMs based on cumulants, it is worth
noting that extensions of the PR model to other moment
spaces have been proposed in the literature. A first extension
was proposed in the TRT context [37]. Imposing Aq’A;r = }1
it was noticed that nonhydrodynamic contributions could be
filtered out in the same spirit as for the original PR model.
Unfortunately, this model suffers the same problems as the
orthogonal TRT since it also relies on the same polynomial
basis Brgrr. Another extension was proposed in the framework
of collisions occurring in the comoving reference frame. Orig-
inally, the purpose of such an extension was to improve the
Galilean invariance of LBMs relying on the central Hermite
polynomial expansion of VDFs [120]. This formalism was
further used to increase the stability of the PR model for the
simulation of high Reynolds number flows [72]. Discarding
several diffusive terms in an ad hoc manner, the authors recov-
ered recursive formulas obtained from the Chapman-Enskog
expansion in the context of the isothermal RR collision model.
This suggests that there might be an underlying link between
the CHM and the RR frameworks. More information will be
given in Sec. V D regarding this last point.

033305-9



COREIXAS, CHOPARD, AND LATT

PHYSICAL REVIEW E 100, 033305 (2019)

F. Cumulant space

The most recent improvement of the MRT-LBM is based
on a collision step occurring in the cumulant space [57,60—
62]. The main advantage of cumulants, as compared to stan-
dard raw and central moments, is their ability to quantify
the deviation of a probability density function with respect
to a Gaussian distribution [97], in our case, the normalized
equilibrium VDF f¢/p. This was confirmed in Sec. IG
where the only nonzero equilibrium cumulants were the first
and the second ones:

K'=u, K'=c, KI=0(@nz2D3).

By definition, cumulants belong to a type of statistical quanti-
ties quite different from raw and central moments. Neverthe-
less, they directly flow from (the logarithm of) the moment
generating function as explained in Sec. II. Besides, they also
share some similarities with central moments in the sense that
their second and third order terms are strictly equivalent, as
already precised in Refs. [53,93], and further illustrated in
Appendices C-E. This means that without doing any calcula-
tions, it is known for sure that CM-LBM and cumulant-LBM
(K-LBM) are identical for the D1Q3 lattice.

Due to the nonlinear relationships between cumulants
and the other moment-like quantities for n > 4, it is not
possible to express the collision model in a linear matrix
form. Nonetheless, one obtains a very simple algorithm using
formulas derived to link central moments with respect to the
cumulant one, and vice versa (Appendices C—E). According to
Refs. [57,60-62], the K-LBM cannot recover the behavior of
the BGK-LBM. This point will be further studied in Sec. V E.

G. Partial conclusions

Almost all collision models can be rewritten in a linear
matrix form

Q=M'SM, (43)

with the exception of the K-LBM. Hence, it is already known
for sure that this LBM belongs to a completely different
family of LBMs. For collision models that satisfy Eq. (43),
another distinction can be made between those relying on
the approximation of the continuum limit f/“/ = f; — £ and

the RR collision model which imposes £/ = £" instead.
Regarding models operating in the comoving reference frame,
their linear matrix form depends on the local velocity. Hence,
it seems complicated, at first sight, to find relationships with
other collision models expressed in the reference frame at
rest. Consequently, four different groups seem to emerge from
the above review: (1) RM, HM, and PR, (2) CM and CHM,
(3) RR, and (4) cumulant based collision models. Neverthe-
less, the possible relationship between RR- and CHM-LBMs
remains to be addressed.

The rest of the paper will mainly be devoted to the valida-
tion of the above assumptions. To do so, it will be confirmed if
the form of the equilibrium state is independent of the moment
space or not. In the meantime, possible sets of relaxation
frequencies allowing to link different types of collision model
will be sought.

For the sake of completeness, the derivation of all linear
transformations matrices M and M~! are detailed for the
D2Q9 lattice in Appendix F. General explanations regarding
their construction are also provided, which makes possible
their derivation for both the D3Q19 and D3Q27 lattices in a
straightforward manner.

IV. THEORETICAL COMPARISON USING
THE D1Q3 LATTICE

The purpose of this section is to compare, in the one-
dimensional case, the most common collision models en-
countered in the LBM framework through their equilibrium,
precollision and post-collision populations. To do so, the
derivation of raw, Hermite, central, central Hermite LBMs is
first recalled before moving to the comparative study.

A. Discrete moments and populations

Let us consider the one-dimensional discretization of the
velocity space using the following three discrete velocities
(&0, £+1) = (0, £1), namely, the D1Q3 lattice [59]. This
model has three degrees of freedom meaning it allows, at best,
to preserve the first three moments of the VDF during the
velocity discretization, i.e., V n € {0, 1, 2},

op, = [ 1Pt = 3 fPun (44)

where P, is a normalized moment of order n, yet to be defined.
P., and P;, (its discrete counterpart), also depend on the
framework on which the collision model relies. Four different
moment spaces will be considered hereafter. Hence, P; , can
be defined using the following:

(1) Raw moment (RM) space

Eiles (45)
(2) Hermite moment (HM) space
Hi ,(§ix); (46)
(3) Central moment (CM) space
&l = Gia —w)"; (47)
(4) Central Hermite moment (CHM) space
Hin(Ei) = Hin(Gie — 10), (48)

where H;, is the discrete version of the Hermite polynomial
of degree n, as introduced in Eq. (5). The tilde symbol
stands for the central moment version of the polynomial basis
considered for the collision process.

Once the moment space has been chosen, Eq. (44) is
enforced adopting the correct form of fi;, fo, and f_;.
Assuming the collision takes place in the RM space, the
following system needs to be solved:

oMy = [+ M+ M,
oMy = RN — KM (49)
oMy = I+ R,
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which gives

M = p(My— M) and ffM = —(0M1+M2)

with o = £1. Corresponding equilibrium VDFs are then
obtained computing equilibrium moments M,? that satisfy
the moment conservation rule (44). By using the isothermal
moments of the continuous Maxwell equilibrium VDF (36),
one obtains

=1,
M{" = u,, (50)

eq 2, 2
M," = u; +cj,

which leads to

oM = o[- ()],
¢s 1s the isothermal (or Newtonian) speed of sound, and it
corresponds to the lattice constant when the lattice Boltzmann
unit system is adopted [121].

Instead of performing collisions in the moment space using
the linear matrix form of the collision operator, it is preferred
here to work directly with VDFs. Post-collision VDFs then
read as

*RM_IO(MO )

f;quM = g[aux + (”,% +C?)]'

RM _
I3

(oM* + M), (51)

with M the post-collision moment deﬁned as
My = (1 — w,)M, + w,M;", (52)

where w, = 1/(t, + 1/2) is the relaxation frequency asso-
ciated to M, and 1, the corresponding relaxation time. In
the case of the D1Q3 lattice, only mass and momentum are
collision invariants, thus, one can freely choose the value of
their corresponding relaxation frequency. Most of the time,
one imposes wy = w; = 0 in the absence of external forces
[27].

Injecting equilibrium moments (50) into the definition of
post-collision moments (52), post-collision VDFs (51) now
read as

SR = (1= )M — 0 (i2 + D], (53)

£FRM ';[aux-f- (1 —

where w, = w, is the relaxation frequency related to the
kinematic viscosity v through 1/w, = v/c? + 1/2.

oM + o, +¢})], (59

B. Impact of the moment space (D1Q3)

By solving Eq. (44) in different moment frameworks,
various forms of post-collision VDFs are obtained. In the HM
framework,

TM=p[(1=¢) — (1 — @A — o,ul],

fREM — g[cg—{—aux—i-(l — 0)A; + 0,u7], (55)

since Af = A" = 1, At = A{? = u,, AY' = u?. Using central
moments these VDFs are then

M p[(1 = 1) = (1 — w,)Hy — wyc?],
[y = g[auﬂru + (1 - o)V + o], (56)

where Mg = AZg‘f =1, Azf = 1\7]“1 =0, A7I§q = ¢2. Eventually,
the CHM framework leads to
;M= p[l = —ul — (1 — )4,

FrOHM lz’[c tou+u + (1 -w)A], (57

using Af = A% = 1, A% = A% = 0,A% = 0.

Regarding equilibrium moments, it is interesting to note
that one can simply derive them applying two simple rules
to Eq. (50). First, one can switch from equilibrium raw or
central moments to their Hermite counterparts by neglecting
¢s dependent terms. The reason behind this is that Hermite
polynomials reduce to monomials when terms proportional to
¢, are discarded. Second, the change from equilibrium raw
(or Hermite) moments to their central (Hermite) versions is
done discarding velocity dependent terms. This is explained
by the fact that in the comoving reference frame, equilibrium
moments are velocity independent. Consequently, all isother-
mal equilibrium moments, but the zeroth, are null in the CHM
framework.

At first sight, all moment spaces seem to lead to different
expressions for VDFs. Nonetheless, links can be drawn be-
tween all the above populations. Starting from post-collision
VDFs obtained within the RM framework (51),

o™ = p(1 = M3)
=p(1 — (1 — w,)M> — 0,M57)
= ,0(1 —(1- a)v)(Az + cf) — a)v(ASq + cf))
=p(1—c} — (1 —w)A — w,AY)

=p(l =i = 43)

s

= frt™M, (58)

and

.RM
=

B(Oux + M3)

ou, + (1 — w,) M + w,M q)

(
(oue + (1 — 0)(A2 + c2) + o, (A5 + 7))
(2 +ou + (1 — 0,)As + 0,A5)

(c?

c; +ouy +A2)

R D D DN

= fri. (59)

Thus, the definition of post-collision VDFs originating from
the HM framework (55) are recovered from those of the RM
approach. Moving now to the CM framework (56),

oM =p(1—u — ;)
=p(1 = — (1 — w,)M> — w,M3)
= ,0(1 — C% — ujzc —(1 - a)v)gz — wvggq)
=p(1 -l —u; — &)
— (;F,CHM’ (60)
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and

O Uy +u +M2)
Gux—i—u —I—(l—wv)M2+a),, )

cc+ou+ uﬁ + (1 — a)\,)sz + a)vggq)

(
(
(c5
(c5

|
N[D [T N[ D

c +crux+u +A)

— f*,CHM’ (6 1)

o

which proves that post-collision VDFs originating from the
CHM framework (57) are also recovered.

The question remains regarding the validity of this result
when the reference frame is changed. Starting with

o= p(1 = M),

FrRM ’z)(guﬁu + IM3), (62)

o

and usmg Eq. (12), one obtains M} = AZT +u, and Mj =

M* + u . This leads to
*RM — p[l _ (M2 +u )] — (;k,CM’
G = B+ (W3 +2)] = 5, 63)

and it results in the equivalence between raw and central
moment frameworks for the D1Q3 lattice.

In summary, raw, Hermite, central, and central Hermite
frameworks recover the very same behavior (BGK) when the
D1Q3 lattice is employed. Imposing w, = 1, one can further
confirm that all models share the very same equilibrium state.

It is important to note that the K-LBM reduces to the
CM-LBM as far as the D1Q3 lattice is employed since only
moments up to the second order are considered for this
velocity discretization. To quantify the possible benefit of the
cumulant collision model in 1D, one must consider LBMs
derived from high order velocity discretizations, such as the
(zero-one-three) D1Q5 or the D1Q7 lattices [92,122,123].

The last point that needs to be checked is the way regular-
ized collision operators are related to the above collision mod-
els. To answer this question, it is necessary to link populations
derived through the Gauss-Hermite quadrature [106,124,125]
with those obtained via the conservation of Hermite moments
(59).

C. Gauss-Hermite quadrature and regularized collision models

Another way to derive populations associated to a given
velocity discretization is based on the Gauss-Hermite (GH)
quadrature [106,124,125]. This mathematical tool allows the
exact preservation of certain properties (moments up to a
certain order N) during the discretization of the velocity space.
This method defines, in a unique and systematic way, the
discrete populations f; as

N

1
Ji=w; Z man ‘H;,, (64)

n=0

where the quadrature weights w; and the lattice constant c;
can be obtained, for example, ensuring the preservation of

Hermite polynomial orthogonality properties up to the order
N [126]. For the D1Q3 lattice, the above expression reduces
to

1
1 1+ _( + aneq) 12i| (65)

]
= w: | a®“H.
fi=w; |:a() 0+ — 2 2 4

N

with wy = 2/3, wy = 1/6, ¢; = 1/+/3, and a2d = pu in the
isothermal case [68]. Thus,

oM =wo(p — a3/2¢7)

— p(2/3 — A})
=p(1 -} — 43)
= ftM (66)
using a5 = Y, f*H; » = pA}. Furthermore,
fo M =wo[p+opu+a(1 - cf) /2]
= g(cf + ou, + A3)

— f*,HM . (67)

[

Since both PR and RR collision models rely on this Gauss-
Hermite quadrature, and that PR and RR approaches are
equivalent for moments of order n < 2 [69], it can be con-
cluded that both regularization steps recover the behavior of
all aforementioned collision models.

All in all, every collision model considered in this work
reduces to the BGK collision model, as far as the D1Q3
lattice is employed. The question is now to determine if the
present conclusion remains valid in both 2D and 3D cases. To
answer it, the D-dimensional extension based on the tensor
product formulation will be adopted for both monomial [92]
and Hermite polynomial bases [70]. This step will allow us to
properly understand which moments should be included in the
derivation of populations, in the case of tensor product based
LBMs such as the D2Q9 or the D3Q27 lattices (Secs. V and
VI, respectively).

V. THEORETICAL COMPARISONS USING
THE D2Q9 LATTICE

A. D-dimensional extension

The D-dimensional extension is done following the tensor
product rules proposed in Refs. [92,127]. In the most general
(3D) case, they read as follows.

(1) Lattice:

& = (&, &5, &), (68)
(2) Population:
fa.jx = pPididr, (69)
with ¢; = fi/p, é; = fi/p, ok = fi/p-
(3) Weight:
Wi, jk) = Wil jW- (70)

If not otherwise stated, the 3-tuple (i, j, k) [or 2-tuple
(i, j)] will be used instead of the conventional single index
i to describe a discrete velocity and its associated population.
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Before moving to the derivation of post-collision VDFs
in the 2D case, it is important to note that by following the
above rules, it can be shown (Appendix H) that all equilibrium
states derived following these rules recover the exact same
form whatever the polynomial basis used, and in any D
dimension. This important result flows from the fact that they
already share the same equilibrium state in the 1D case, as
demonstrated in Sec. IV.

Thanks to tensor product rules (68) and (69), populations
evolving in the RM space now read as

f60), = p(Moo — Mao) (Moo — Mop).

foy = E(UMIO + M) (Moo — Mp2),
)

fo = E(Moo — Mao)(AMo1 + Moy),
)

o = Z(UMIO + Mao)(AMo1 + Moy),

with (o, 1) € {—1, +1}%. This leads to

fi6%0) = p(Moo — (Mag + Mop) + M), (71a)
foroy = §(0M10+M20—0M12—M22), (71b)
S8 = SOMor + Moy —3Moy = M), (710)
fony = g(UAMn + oM+ AMy + M),  (71d)

where the isotropy of the VDF itself is enforced up to the
second order (in each direction) imposing [92]
MIDMID M2DM2D M
= = Mpq>
with (p, ¢) € {0, 1,2},
Hence, post-collision populations for the RM framework
read as

= —[c2(c} 4+ ous + Auy) + 0AAT, + cH(AS) + Apy) + MG, + 0AT, + AL,

f(T)Roiw = plMyy — (M3, + M) + M1, (72a)
%, Y * * * *
Fioy = 5 @My + M3y — oMy = M3,).  (72b)
14 * * * *
f(?)l;l)v{ = E(kMOI + My — AM;, — M53,), (72¢)
«+RM __ P M M* M M 79d
fon = Z(U 11 oMy, + My, + My,),  (72d)
|
FisoV = plC? — C(A3) + Aly) + AS),
fait = 2le(@ + ow) + CAgy — g,
*, HM 1%
Ton = E[C(Cf + huy) — A3, + CAG,
«HM _ P
f(lT A) 4

while for the CM framework

faot = plUUy + duu, M, — UM, —

f* CM

©.0) = [uxeU 2c72xuyM11 + U, Mzo

k
—0Al,

— MA3,

where post-collision raw moments are defined as
My, + Mg, = (1 - “’Vh)(M20 + Mo2) + “)vh(Mgg +M3§),
=M = (1 — w,)(Ma — M) + o, (M3d — Mg3),
M}, =1 —w,)My + o,M],
M3, = (1 — w3)Ma; + w3My],
M7, = (1 — w3)M 2 + w3M5,
M3, = (1 — wy)Ma + wsMy3,

*
M20

with v, being the bulk viscosity, and v the kinematic vis-
cosity. w3 and w4 are the relaxation frequencies associated
to third and fourth order moments, respectively. Furthermore,
corresponding equilibrium moments are

M3+ Mg = u? + u} + 2c}, (73a)
M5§ — Mg = ui —u;, (73b)
M1 = uuy, (73c)
M5 = (i + P)uy, (73d)
M1 = u, (u§ +c}), (73e)
M =@+ )@+ 3D

From this, the collision matrix cannot be diagonal if one
requires vy, v [59]. A simple remedy consists in replacing
(62, €2,) in Brp by (2, +&2,.82, —&2) as proposed in
Ref. [14].

From a more general viewpoint, attention must be paid to
the polynomial basis that is chosen since it may introduce
extra computations as compared to the original one, and this
overhead can become non-negligible in the 3D case. As an
example, this was investigated in Ref. [46] by comparing the
CPU times required by several CM-LBMs to simulate the very
same configuration.

From now on, let us determine if previous conclusions
regarding the impact of the polynomial basis in 1D are still
valid in the 2D case.

B. Impact of the moment space (D2Q9)

Regarding Hermite, central, and central Hermite moment
spaces, their post-collision populations are obtained following
the very same tensor product rules as before [Eqgs. (68) and
(69)]. In the HM framework, one obtains

— A%,
—A%],

(74a)

UMy + 2uy M3, + 2u My 4 M3, 1,

e e e e
u, oMy, — 2u,M5, — 02 M7, — M5, ],
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f(?)(il)w ';[U Uyhy 2”x)‘2y1‘7111 - “ykyﬁiko + Uxﬁf)kz - )\ZyMikl - 2uxl\712 - Miz]’
from = Z [0ty Ay + 0o Doy My + A My + uxor My + Aoy M, + 00, My + ], (74b)
and for the CHM framework
L oM™ = p[CLCy + duuyAs) — CyAsy — CoAgy + 2uyA3) + 2u,AT, + A%y,
o _ ’2) [CoCy — 2001, AT, + CoASy — CoAly — 2u,A%, — 02ty — A%,
f’g)(,il){M = g[CxCA zux)“Zy 11 CAAzo +C Aoz )LZszl - Zuxxlkz - A\?2‘217
FESIM = E[CJCA + 00 hay AL, + CLAL + CoAg, + hayAs, + 00A T, + A, (T4c)

with
U, =1 —u)zc
U, =1 —ug,

Oy =0 + Uy,

C:l—c?,

Co=1-c2—u?
and G =1 —c?—uz,

Co = ¢+ ux(0 + 1),

C, = c? + uy (A + uy).

02 = 0 + 2uy,
Ay = A+ Uy,
)\zy =A+ 2uy,

While formulas expressed in RM and HM frameworks are
rather simple, their counterparts in the comoving reference
frame rapidly become lengthy. It is even worse in the 3D case,
as detailed in Appendix G. Populations based on the Gauss-
Hermite quadrature do recover the very same expression as
those expressed within the HM framework. Hence, they will
only be considered in Sec. V D to further study possible links
between RR- and CHM-LBMs.

For the D2Q9 lattice, HM equilibrium moments necessary
for the collision step are defined as

eq 2 eq 2 eq
Ay =y, Ap =uy, Ay =y,

eq __ 2 eq _ 2.2
Ayl = uguy, Ay =uju

eq 2
A = uu s

s
while CM formulas read as

7 2 7 7 4

My =M =ci. M| =M]=M3=0. Mj=c
Finally, expressions for the CHM framework are

A = A = Aff = A = A\ = A3 =0,
Now that all required formulas have been provided, let

us start with the comparison between post-collision VDFs

obtained with both the RM and the HM frameworks. Con-
sidering the population at rest in the RM framework,

FilM = pll — (M3 + M) + M3

= ol(1- )~ (1- )y,

(,()4)( neq+Aneq)

Ap) + Aéz]
+ p(wy, —
so that

f* RM __ — *,HM+Af* HM’

(0,0) (0,0) (75a)

where A f5; HM corresponds to the deviation encountered dur-
ing the relaxatlon of M3,, which eventually impacts the re-

(

laxation of both A%, and Aj, in the HM framework. Similar
results are also obtained with other populations,

fo0) = fooy — A /2, (75b)
fost =1t = an™ 2, (75¢)
Foi = Fait + A L™ /4. (75)

It flows from these comparisons that it is not possible
anymore to freely switch between raw and Hermite moments.
This is explained by the fact that M3, is not only linked to A3,
but also to A%, + Af,, while these two kinds of moments are
relaxed using two different frequencies, namely, w4 and w,,.
The equivalency between these two approaches is then lost
when w4 # w,,. One can further suppose that discrepancies
between these approaches will tend to zero when phenomena
linked to compressibility effects are negligible, i.e., A%’ +
Apy? ~ 0. These deviations cannot be observed through the
comparison of precollision or equilibrium VDFs, hence, the
use of post-collision VDFs for the comparison of different
frameworks.

Since relationships between raw and Hermite moments
are the same as those between central and central Hermite
moments, it is known for sure that CM and CHM frameworks
only merge for the same reasons as before.

Let us continue with the comparison between RM and CM
frameworks. A similar computation shows that

f* RM __ — *,CM + Af* CM7 (768.)

0,0 (0,0)
where now
Afy™ = pws — 02) 2u, My + 2uM )57
oo, = 0a) (i + 1) (35" + M37) /2
+ plwy — 4) (1 — u?) (Mg — Mys?) /2
+ p(wy — wg)(duu, )M,

since M»; is linked to all central moments Mzz, 1\7121 s M 12, ]\7120,
My, and M, [see Eq. (D3)]. The relationships obtained for
other populations are

*,RM *,CM *,CM *,CM
ooy =Jo0 —0AS3 /4_ Afy /2’

RM cM ,CM .CM
f(T) N = f(?) 2) — AAf] /4 —Afy /2’

(76b)
(76¢)
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Fasy = Gy + @A 8L /84 AL /4,

(76d)
with
AfEM = pluc(ws — w,) (Mo + M) — up(ws — )
x (Mbed — M) + duy (w3 — w,)M[S7],
AfE™M = = pluy (w3 — a)vb)(Mzgq + MOI;‘{) + uy(w3 — wy)
(0 — ) + s — o .

As expected, even more deviations are present for other
populations since they contain third order RM terms (M>;
and Mpy) that will impact the relaxation of second order
CM terms (Myy, My, and M;;). It is then clear that RM
and CM frameworks only share the same behavior when
w4 = w3 = w,, = w,, and a fortiori, when the behavior of the
BGK collision is recovered by both models. On the contrary, if
a MRT approach is adopted, then these deviations can only be
neglected in the case of a flow at rest (u, = u, = 0), for which
both frameworks merge as already mentioned in Sec. IIID.
Eventually, the case where M”eq +M6'2€q, M”eq Mg;q, and
M 11 are simultaneously neghglble is very restrictive since it
would imply that both compressibility and shear effects are
also negligible. To the best of the authors’ knowledge, this
is very unlikely to happen. As a consequence, this possibility
will not be considered in the rest of the paper.

Once again, since relationships between Hermite and cen-
tral Hermite moments are the same as those between raw and
central moments, one can affirm that the above conclusions
can be extended to HM and CHM frameworks:

W4 = W3 = Wy, = Wy,

frHM _ g CHM
i u, =uy, =0 otherwise.

= { 77

In summary, the choice of the moment space used for
the D2Q9-LBM does have an impact on the resulting post-
collision VDFs, when either a MRT approach is considered,
or the flow is not at rest. More precisely, the deviation between
collision models expressed in either the reference frame at
rest or the comoving reference frame are not constant, and
they depend on the local flow velocity for MRT approaches.
These discrepancies between models naturally emerge from
the 2D representation, while they were not present with the
D1Q3 lattice.

C. Orthogonal MRT and TRT models

These two collision models are based on the expansion of
populations over a polynomial basis built through the Gram-
Schmidt orthogonalization procedure (39). The use of this
basis leads to the following formulas for VDFs:

foo =3 —e+e), (78a)
[0y = 3 @4p + 60 jx — e+ 9py — 60g, —2¢),  (78b)
[ = 3 (4p + 6Xj, — e — Ipu — 6Ag, — 2¢),  (78¢)
fE) = % (@4p + 60 j + 61y, + 2¢ + 9 Apyy

+30q, +31gy, + ¢€), (78d)

where the superscript LL stands for Lallemand’s and Luo’s
MRT model introduced in Ref. [26]. Interestingly, it is pos-
sible to show that the equilibrium form of Eq. (78) equals
ffq’4 if one does not neglect high order velocity terms in the
equilibrium moments

peq:p’ j;q:pum

eeq = 10[3(’/[ ) ]
pi=p@—uw), po=puau, ¢ =pu3u;—1),
4y = p(3u — Ny, &= p[1 =3(u; +u;) + 93y ].

By fixing all relaxation frequencies to w,, the orthogonal
LL-MRT recovers the behavior of the BGK-LBM based on
ff"‘A. By extension, the orthogonal TRT-LBM also recovers
its behavior fixing @t = @~ = w,. Thus, it is quite surprising
that both models usually neglect O(«}) and O(u*) terms while
the use of f°* might improve the linear stability of the
resulting LBM, as already proven for the BGK operator and
for both regularization steps in Ref. [70].

The question is now to determine if these collision models
are further related to other models based on different moment
spaces. Rewriting L. moments within the HM framework
leads to

€4 —
Jy' = puy,

0 = pAw, Jx= pAw, Jy= pAol,
Pax = PA2 — pAo2,  Pxy = PA1L,
e =3(pAx + pAx) — 2pAw, (79)

gx = 3pA12 — pAio, gy = 3pAz1 — pAoi,
€ = 9pAxn — 3(pAx + pAn2) + pAgo-

Thus, the only issue that will be encountered with post-
collision VDFs will originates once again from the relaxation
of the fourth order term ¢*. Indeed,

e =1 —w)e + w1

= 9pA3, — 3(pA3) + PAG) +p — AfFTM,
with ASM = 3(0, — w,,)pA% + A and w, = w; 50
that
fooy = Faoy = M9, (80a)
fooy = Folo) + AfFM™M /18, (80b)
Foay = Ton + ALE™M/18, (80c)
fubh = et — afri™/36. (80d)

As for RM and HM frameworks, the LL-MRT-LBM reduces
to the HM-MRT-LBM if the collision step of the fourth order
and the bulk moments follow the very same relaxation rate,
i.e., w; = w,,. Once again, the same result is obtained when
compressibility effects are negligible (A5, + Ay’ ~ 0). One
can derive the very same constraints for the LL MRT-LBM
to recover the behavior of the RM-LBM. In the same spirit,
one can further come to the conclusion that LL. and CM
frameworks merge if a SRT collision model is employed since
it reduces both approaches to the BGK-LBM. In the case of a
MRT collision model, the LL-LBM reduces to the CM-LBM
in the zero velocity limit, as it was also shown in the context
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of the RM collision model (75). In the particular case of the
orthogonal TRT approach, the relaxation of all odd (or even)
moments is linked together. Hence, the condition w, = w,,
is always satisfied for this collision model. In addition, the
behavior of the BGK collision model is also recovered when
ot =0 =w,.

D. Regularized collision models

The interesting thing about the Gauss-Hermite quadrature
is that it remains valid whatever the number of dimensions or
the lattice considered [106,124,125]. Nevertheless, it was not
used (in its original form) to define which high order compo-
nents should be included in the definition of populations. In
the context of the D2Q09 lattice, the original basis used for the
polynomial expansion was

Bao = (Hj,00, Hi 10, Hi o1, Hi 11, Hi 20, Hi 02).

One can notice that Bgg is not a “basis” from the mathe-
matical viewpoint since it does not contain nine elements.
In order to improve the description of populations, it was
proposed by several authors to include three more elements
[68,69,128,129]. While the last two approaches added these
elements through a Gram-Schmidt orthogonalization proce-
dure, the first two relied on Hermite polynomials that were
orthogonal with respect to those belonging to Bgg. Nonethe-
less, they all end up with the same complete (and true) basis

I
B(Cgogmp = Boo U (Hia1, Hi 12, Hi ),

that corresponds to Byrp (41), as explained in Ref. [80]. This
basis is the starting point to compare all kinds of regulariza-
tion steps against each other. Let us first consider projection
based regularized (PR) models in both the reference frame at
rest [64—66]

1
fi= wi[aooHi,oo + c—z(aloHi,lo + ao1Hi01)

1

* 2c4

(axoH; 20 + anH; 02 + 2a11H; 11)

1 1
+ —(anHio + apHin) + —anHi» |,
2cf( 21H; 21 12H; 12) 48 2 1,22}

and in the comoving reference frame where central Hermite
coefficients are defined as [72,120,124]

5}1171 = Zfil_?i,nms (81)

so that Hermite coefficients are now computed using re-
lationships between Hermite and central Hermite moments
(Appendix D). This leads to

app = P, A0 = PUy, Aol = PUy,

~ 2 ~ 2 ~
A = doo + pUy, dox = doz + pUy, Ay = di + plldy,
~ ~ ~ 2
a1 = do1 + uydop + 2uxdy; + puiiy,
~ ~ ~ 2
ap = ap + ucdoy + 2uydn + puiy,

ax = ay + 2uyaz + 2ucdry + ugar + uidp

+ duuyay; + puiui, (82)

where dypy = p and djo = dp; = 0 have been assumed. Re-
stricting ourselves to the isothermal case, equilibrium coef-
ficients are then computed as

q

eq __ eq __ eq __
oo = P> dyp = PUx,  dgp = Plly,

g _ o2 g4 2 e
dyo = PUys  dop = PUy,  dy) = PUxlly,

eq __ 2 eq 2 eq 2.2
Qyp = PUylty, ap = puxuy’ ay = p”x”y’

while nonequilibrium coefficients are

=0, =0, a1 =0
a5 =2 =T, =
1 BT T+ 20T
ayy = a5 + uxdy” + 2uydyy’,
dyy’ =y + 2uydy,” + 2u.d)y’

+ ufag(ef’ + widgy + duuyd)y.

In Ref. [72], the authors suggested to discard part of nonequi-
librium (diffusive) terms "¢ based on the fact that these terms
should be negligible for high Reynolds number flows. Doing
so, they noticed that by imposing dy,’ =a5' =0,
they were able to recover the recursive formulas of the RR
approach [68]:

1y _ neq neq
ay[ = uyay, + 2uay’,

__ ~neq
= dy

)y _ neq neq
ayy =y, + 2uyay,

) _ (1) (1) 2 neq 2 neq neq
ay = 2(”y‘121 + ”xalz) — Uyl — Uy — Aultydy

__ .2 neq 2 _neq neq

= uyay, + Uy, + duxuyay;, (83)

where ay’, ag;?, and af{? are computed using Eq. (42). While

this result was obtained in an ad hoc manner, it can be shown
that it originates from particular values of relaxation times in
the CHM framework. Indeed, post-collision central Hermite
coefficients are expressed as

a,, = ad,h + <1 - %)EZ‘Z, (84)

pq
where T, = 1/2 + 1, is the discrete relaxation time, with
(p,q) €1{0,1, 2}2 for the D2Q9 lattice. Considering 7,; =
T1» = Ty = 1, corresponding coefficients are fixed to their
equilibrium values. In the CHM framework, all equilibrium
moments are zero with the exception of @) (see Sec. IIG).
Hence, RR formulas (83) are indeed recovered when Eqgs. (82)
and (84) are employed to compute aj,, with this particular set
of relaxation times. The SRT-RR-LBM then corresponds to
a PR approach in the comoving reference frame where high
order (p 4 g = 3) nonequilibrium contributions are filtered
out.

Furthermore, both the MRT-RR-LBM (with Tht = 1) and
the cascaded based LBM share the same behavior when
?EbM =75M =7 = TSM = 1. This result is pertinent if and
only if the reader has no interest in acoustically related phe-
nomena.

Eventually, since it is mandatory to use several relaxation
times in the CHM framework to recover fi*’RR, then the
RR collision model cannot recover the behavior of the BGK
collision operator. Hence, the MRT-RR procedure does belong
to another category of collision models, even though by
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discarding the recursive computation of third and fourth order
terms (83), which amount to imposing T3% = 1 = 74~, the PR
and RR formulations merge.

E. Cumulant space

Here, the discrepancies between collision steps occurring
in the CM and the cumulant spaces are investigated. As
demonstrated in Appendices D and E, cumulants are not
equivalent anymore to central moments when high order terms

J

(n = 4) have to be taken into account in the expansion of
populations. In the context of the D2Q9 lattice, it has been
shown that one should include the fourth order term M,,. If
one follows the definition of post-collision cumulants, as they
are defined in Refs [57,60,61], one obtains

M3y = K3 + K3 Ko + 2(K))%.

Post-collision populations then read as

F50) = PLUU, + 4uan K, — U K5y — UKgy + 2u,K5, + 2w K + 2K + K5pKg, + K3,
fo 0) = g[”xax — 2000, K}) + UyKy — 0:0:K5y — 2u,K3, — 02Ky — 2(K7))* = K3Kg — K3,
f(o S g[Uxuy)‘) = 2udoy KTy — uyhy K3y + UKy — Ay K) — 2u K7, — 2(K7, ) — K3 K — K2,
I8 = %[uxuyox)»y + o2k KTy + Ky + 0Ky + hay K3y + 00Ky + 2(K7))* + KoKy + K351, (85)
[
withU, =1 — Ux =0 +uy, 00 =0 +2u,U,=1 cumulants, as already assumed in Refs. [57,60,61]. Conse-

Ay = A+ uy, and A2y = A + 2u,. From this, one can see thaylE
deviations from their CM counterparts come from the fact that

Mfz =1~ w4)M22 + w41\7§§

= (1 — w4) (K2 + KxoKo2 + 2K121)
+ ouK3t + K5ORS +2(KiD)],
while
K3 = (1 — w)Kn + 04K57,

(K = (1= 0, 2K + 0,(1 — 0 KK + 02 (K],
K3 K = (1 — 0,) KaoKop + 02Ky Koy

+ 0, (1 — 0,)(K20Ky3 + K>gKoo).

where for the sake of simplicity the relaxation frequency of
K1, Ky, and Ky, was taken as w,. The latter assumption
amounts to impose w,, = w, [59].

Eventually, post-collision populations can be rewritten as

f(g(ﬁ)%l)vI = (T)’Ié) + Af55 (862)
T = Tao = 815" /2 (86b)
f(?)%v{ = (T)’I;) - Afz*z’K/z’ (86¢)
fiaho = fiaky + A5 /4 (86d)

with
Af5E = pl(1 — w4) — (1 — )1 (Koo Koz + 2K7)
— pwy(1 — w,)(KnKgd + Kyi Koo + 2K[{Ki1)
— o) [K3i K + 2(K{T)']

From this, one needs to impose w4 = w, = 1 to make the de-
viation A fz*z’K disappear. In that particular case, the kinematic
viscosity cannot be chosen freely. Hence, it is not possible
to recover the behavior of the BGK collision operator using

+ p(wy

quently, the K-LBM belongs to another category of LBMs,
different from those presented in Secs. VBV D.

Before moving to the investigation of 3D models, the
interested reader may refer to the Supplemental Material [91]
for more information regarding the way to implement D2Q9-
LBMs in either their RM, HM, CM, CHM, K, or RR formu-
lation. Thanks to them, one can further derive instructions for
orthogonal models (LL and TRT) by switching from HM to
LL moments using Eq. (79).

VI. FURTHER INVESTIGATIONS

This section is dedicated to several studies. First, collision
models will be compared in the 3D case considering both
the D3Q27 and the D3Q19 lattices. Second, the impact of
collision models on the resulting macroscopic equations will
be investigated.

A. D3Q27-LBMs

The most straightforward way to build LBMs based on the
D3Q27 lattice is to consider it as a tensor product of three
D1Q3 lattices (one for each spatial direction). Doing so, it
is possible to rely on rules defined in Egs. (68)—(70). This
approach then leads to populations that are expanded over
tensor-product-like polynomial bases. For raw moments,

27
B =1, £100, €010, £001> £2005 €020, E0025 E110, E1015 E011
£10, €120, §201, 1025 £0215 0125 E1115 §220, 6202,

SOZZa 521 I 512] s 5112, 5221 s 52125 51229 §222),

using the shorthand notation &,,, = &£/ &/ . For other mo-
ment spaces, one just needs to change from monomials (&)
to either Hermite polynomials (H; ,,qr) central monomials
(Spq,) or central Hermite polynomials (H, pqr)- One can notice
that by using the tensor product rules a true basis is obtained,
i.e., it contains the same number of elements as the number
of velocities in the lattice. In addition, one can prove that
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once again populations obtained through the Gauss-Hermite
quadrature do share the same expression as those obtained via
the tensor product rules.

Knowing the basis corresponding to each framework, one
can easily derive post-collision populations for the D3Q27

J

lattice (Appendix G). The comparison of collision models
follow the same steps as those presented in both the 1D and
the 2D cases, with the exception that now calculations are
more complex. Taking the example of the RM framework,
post-collision populations are

Foio0y = PLL = Miog — My — Mgy + M3y + Migy + Mgy, — M), (87a)
f&i% = g["“x + M50 — oMy — o Miy, — M3y — M3y + o Miy + M, (87b)
Foa = g[)““y + My — AM31g — AMgy, — M3y, — Mgy, + AM3, + M, (87c)
f%%hg) = g[‘Suz + Mgy, — My — Mgy — My, — My, + 8M3y, + Mo, (87d)
Font = E[U)LMiklo + AM3,, + oMy — 0 MMy, + My — MMy, — oMy, — My, (87e)
feog = Z[OSMLOL + 8Myg, + oM, — 0 8Miy, + My, — M3y — oMy, — Moy, ], (87f)
f&ﬁ“ﬁ) = g[)‘aMgll + 8Mgyy + AMGy, — MMy, + My, — SMy, — MMy, — M), (87g)
foss = g[a)“San + MMy, 4 08Miy + 0 AMY 1, + M3y, + AM3y, + o Miy, + My, (87h)
[

With (0, %, 8) € {—1, +1}3. Before moving to Fhe comparis.on My = Ay + cf(A201 +App) + C?Mz, (89¢)

ok o e Bt oo s b

to categorize all types of moments employed in Eq. (87). + ¢ (A200 + Aoao + Aooz) + €8 (39d)

As an example, one can suppose that M,y and all its cyclic
permutations (Mag1, Mi20, Mio2, M1, and Mp,) should be
relaxed to their equilibrium value via the very same relaxation
frequency, the latter being different for the relaxation of
M, 1,. Consequently, one possible set of relaxation frequencies
would be

M5y, Mg, M - i,

Mo, Moy Mgy, - w2,

M5y, Moy, Misg, Mgy, Mgy, My,  —> w3,
Mikll —> w4, (88)

M550, M5, M, - s,

511 My, M, — We,

M3y, M35, My, - w7,

M;22 —> wsg,

which is a particular case of the collision matrix adopted in
Ref. [46]. Here, w,, = w, is assumed, and this corresponds to
sy = s and s_ = 0 in their framework. This is done for the
sake of simplicity, and more importantly, without significantly
impacting the conclusions that are drawn below.

Hereafter, the comparative study will be simplified by start-
ing from fl.*’RM [Eq. (87)], and using relationships between
each kind of statistical quantities (Appendix E) to derive
deviations between each type of collision model. If one con-
siders the HM framework, deviations with the RM approach
come from fourth and higher order moments. Considering the
following moments

Mg = Ao + (A0 + Ago) + ¢,
My = Aoy + Ao,

(89a)
(89b)

is then sufficient to determine all discrepancies between both
families of moments. As previously discussed for the D2Q9
lattice, if one discards flows where compressibility and shear
phenomena are negligible, then formulas on fourth order
moments (89a) and (89b) lead to the constraints ws = w; and
we = w; to enforce the equivalence between RM and HM
frameworks. Expressions for fifth and sixth order moments
(89c) and (89d) further imply that w7 = w3 and wg = ws = w;
since it is quite difficult to derive further constraints based on
the physical meaning of these moments, at least in a straight-
forward manner. Considering that w; and w, are related to
the dissipation of acoustic and shear waves, only w3 and w4
are free parameters. As for the D2Q9 lattice, both RM and
HM frameworks do recover the behavior of the BGK collision
operator when only one relaxation frequency is used. The
very same conclusions can be drawn regarding CM and CHM
frameworks.

For RM and CM frameworks, the relaxation of each raw
moment M, impacts the relaxation of all lower order mo-
ments Mp,q,,, such as p’ < p, ¢’ < ¢, and ¥ < r. Hence, the
configuration for which both approaches merge corresponds
to the use of a single relaxation frequency (BGK). One can
further show that if a MRT approach is considered, then both
frameworks recover the same behavior if and only if the flow
is at rest. Once again, one comes to the same conclusions for
HM and CHM frameworks.

Orthogonal MRT and TRT collision models are based
on the Gram-Schmidt orthogonalization procedure [113,114].
The latter does not strongly impact the relationships between
families of moments since it relies on linear transformations.
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Hence, it can be shown that the above conclusions remain
valid for orthogonal MRT collision models. Once again, or-
thogonal TRT-LBMs recover the behavior of the HM-LBMs
since the relaxations of even moments are controlled by the
same relaxation frequency. If one further imposes w* = w™ =
wy, then the orthogonal TRT approach mimics the behavior of
the BGK operator, as it was already the case for the D2Q9
lattice.

When it comes to the PR collision model, it leads to
different results when different moment spaces are considered
since it relies on the equilibration of higher than second
order moments (w3 = wgs = w5 = wg = w7 = wg = 1). The
question is then to determine if it is still linked to the RR
approach when central Hermite moments are employed for
the relaxation process. Using relationships between central
Hermite and Hermite moments (Appendix E), one can show
that the PR collision model applied in the CHM framework
recovers the behavior of the SRT-RR-LBM. Indeed, by fol-
lowing the same steps as in Sec. V D, one obtains

) _ neq neq

ayjo = Uylyy + U s (90a)
1 _ neq neq neq

ajp) = UzGyy + Uy + Uy, (90b)
(1) _ 2 neq 2 neq neq

Ay = Uyl + Uy + Autcltyd) g, (90c)

1y _ neq neq neq 2 neq
Ay = Uylztyog + 2uxzay g + 2ucuydy gy + uiagy, (90d)

dyp) = Uiyt + uuayh + dunnyuzal

+ 2ug o] + 2utuyagf, (90e)
dyyy = uguzahg) + ugidayh + ugugage) + duuyulayg

+ 4uxu§uzarff)‘f + dutuyuzan!, (90f)

where other formulas are derived through cyclic permutations.
The above relationships do match recursive formulas flowing
from the Chapman-Enskog expansion at the Navier-Stokes-
Fourier level [68,69]. Nevertheless, the equivalence is once
again lost when several relaxation times are employed for the
RR collision model.

The last comparison is related to cumulants and central
moments. In the 2D case, it was shown that the deviation
was only impacting the sole fourth order term, while now
fourth, fifth, and sixth order terms are impacted. In addition,
the deviation was directly proportional to the square of the
relaxation frequency, whereas it is now proportional to up to
the cube of the relaxation frequency. Due to these nonlinear
deviations, it is not possible to link CM- and K-LBMs.

In summary, no further links can be derived between
collision models for the D3Q27 lattice as compared to the
2D case. This was to be expected from the way the D3Q27
lattice is built using tensor product rules [Eqs. (68) and (69)].
Nevertheless, these rules do not hold anymore in the case
of the D3Q19 velocity discretization. Consequently, one may
wonder if the aforementioned conclusions are still valid for
this particular LBM.

B. D3Q19-LBMs

To derive populations for the D3Q19 lattice, it is proposed
to start from the D3Q27-LBM and then to discard particular

terms that are not compliant with the velocity discretization
using a “pruning method” [92,127]. The latter is of particular
interest since it also allows us to determine which moments
should be included in the expansion of populations. Hereafter,
another way to choose the number of moments that are
necessary for the D3Q19 lattice is presented.

It has been known for a long time that the projection of
either the D3Q15 or the D3Q19 lattices, onto the 2D velocity
space, leads to the D2Q9 lattice [59]. Nonetheless, only the
D3Q19 velocity discretization contains all the discrete veloc-
ities of the D2Q9 lattice in each of its planes (x,y), (x, 2),
and (y, z). Hence, all moments encountered in the definition
of populations in the 2D case should also be accounted for in
the present case. In other words, B2!'? should, at least, contain
all the 3D versions of monomials encountered in Eq. (40).
By 3D version, it is meant that, for example, &5y should
be included since &, belongs to the 2D basis. Starting from
Eq. (40) and considering all cyclic permutations, one ends up
with the following polynomial basis

Baoio = (1, &100, €010, £0015 €200, €020, €002, E110, €101, E0115
210, €120, £201, €102+ §0215 §0125 €220, £202, E022)s

expressed in the RM framework, and where the shorthand
notation &,,, = & & &/ was used for the sake of clarity. This
simple yet rigorous reasoning leads to a polynomial basis
composed of 19 elements. Thus, one can simply move from
D3Q27-LBMs to their D3Q19-LBMs discarding &;11, &211,
&1, €112, E2215 &212, €122, E222 and then using relationships
detailed in Appendix E. Doing so, it is possible to extend
several collision models to the D3Q19-LBM even if they
were originally developed within the framework of the D3Q27
velocity discretization, such as both RR- and K-LBMs (see
Appendix G). In addition, this basis was recently used to
derive a more efficient CM-LBM based on the D3Q19 lattice
[46]. Nonetheless, it should be noted that, at the time of
writing, the accuracy of this D3Q19 formulation has not yet
been compared to its D3Q27 counterpart.

Using the above methodology, one can see that B2 still
contains fourth order terms. Consequently, all links that have
been drawn for the D3Q27 lattice remain valid for the D3Q19
velocity discretization. One just needs to be careful and only
compare collision models based on the same equilibrium state
(see Appendix H for both choices obtained with the D3Q19
lattice).

General instructions for the coding of 3D models, as well
as pseudocodes of the D3Q27 formulations, are provided in
the Supplemental Material [91].

C. Partial conclusions

Table I summarizes all derived links between collision
models. More precisely, it details all collision models whose
behavior can be entirely or partially recovered using another
collision model with a particular set of collision frequen-
cies. This is done considering only cases where the result-
ing physics is not impacted by the choice of the relaxation
frequencies. Taking the example of the D2Q9 lattice, if one
applies the collision step within the CM framework, then
one can entirely recover the results of the BGK collision
model using only one relaxation frequency w$™. Besides, the
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TABLE I. Can X recover the behavior of Y by using a particular
set of relaxation frequencies? Yes (v'), partially (~), no (). Colli-
sion models considered in this summary are based on raw moments
(RM), Hermite moments (HM), central moments (CM), central
Hermite moments (CHM), both projection based (PR) and recursive
regularization (RR) steps, cumulants (K). MRT and TRT models
correspond to collision models expressed within an orthogonal basis
derived from the Gram-Schmidt orthogonalization procedure. RR*
is the multirelaxation time version of the RR collision model. Only
links that do not impact the resulting physics (w, # 1 and w,, #
1) are reported here. Furthermore, a collision model X will be
considered to partially recover the behavior of another one Y, if the
condition to enforce A f* = 0 implies that at least one of w! cannot
be chosen freely anymore, with the most constraining case being
the reduction to a single relaxation time approach. Eventually, all
reported results are valid for both the D2Q9 and the D3Q27 lattices.
They further remain valid for the D3Q19 lattice if and only if one
compares collision models relying on the same equilibrium state.

Y
A BGK MRT TRT RM HM CM CHM PR RR RR* K

BGK ~
MRT
TRT
RM
HM
CM
CHM
PR
RR
RR*
K

N
2
22
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coddee e
coddee NS
Dol e
Do e
coodoe 2222
L 2222
ON\NU oDosodoo
O 0ONoo00doo
(] U000
codoooddoo

CM-LBM can partially recover the behavior of the CHM-
LBM if one imposes that ofM = of™ = of"™ = o™ In
other words, this implies that the bulk viscosity cannot be
chosen independently of the relaxation coefficient of fourth
order moments. The number of free parameters is then re-
duced, hence, the partial recovery of the CHM-LBM behavior
by the CM-LBM. The most constraining case is the reduction
to a single relaxation time approach, where the behaviors
of RM, HM, orthogonal MRT and TRT models are also
recovered. Eventually, it would be possible to get the same
results as those obtained with the (SRT) RR approach by
imposing a)SM = a)ljbR = 1, but this would lead to an extreme
overdissipation of acoustic waves [34,81,112]. Thus, this link

is not considered in Table I.

D. Macroscopic behavior

To conclude this comparative study, let us have a look at
macroscopic equations flowing from all the different collision
models.

1. Motivations

Previous investigations suggest that the choice of moment
space has a major impact on the macroscopic behavior of
LBMs, and more specifically on their Galilean invariance
properties (e.g., Refs. [38,39,43,57,60,62,130], among oth-
ers). Knowing that these collision models naturally rely on an

extended equilibrium state, one might wonder if the improved
macroscopic behavior of these models come from either
(1) high order velocity terms of their equilibrium state, (2)
the moment space, or (3) both of them. With this idea in
mind, the hydrodynamic limit of LBMs will be studied in a
general manner, meaning that the asymptotic study will be
conducted before the (space-time) numerical discretization
of the collision model. This is explained by the fact that
one would have to properly distinguish errors resulting from
every possible discretization technique (finite difference, finite
volume, finite element, discontinuous Galerkin, etc.) in order
to objectively quantify the impact of each collision model on
the resulting macroscopic behavior, and this is out of the scope
of this work.

In the following, a brief review on the origin of errors
encountered in the context of LBMs is first proposed, whereas
the investigation of the macroscopic behavior of LBMs is
conducted in the last part of this section.

2. Velocity and space-time discretization errors

The LBM relies on two types of discretization, namely, the
velocity and the space-time discretizations. To correctly make
the distinction between errors that emerge from both of them,
let us recall the two main steps that are required for the design
of any numerical scheme, and a fortiori for the derivation of
LBMs.

The first step consists in selecting the mathematical model
corresponding to the desired level of approximation to reality
[131]. In the following, and for the sake of simplicity, let us
start from the force-free Boltzmann equation (BE)

Wf+V-(fe)=C, oD

where C is the general form of the collision term. The physics
governed by Eq. (91) goes far beyond the validity of standard
macroscopic equations of interest, namely, the compressible
Navier-Stokes-Fourier equations [132]. As a consequence,
this mathematical model is too detailed for the level of approx-
imation to reality that is required in the present framework.
To simplify it, a physical discretization is applied to the BE.
It consists in drastically reducing the number of possible
velocities £ for the propagation of populations f. This is
done in such a way that the physics of interest is not lost
during the overall process. One then ends up with the discrete
velocity Boltzmann equation, also known as lattice Boltzmann
equation (LBE),

Vie[l,V], 8fi+V-(fi§)=C, (92)

with V being the number of discrete velocities required to
recover the macroscopic behavior of interest [106].

Once this set of partial differential equations has been
chosen, the second step consists in choosing a type of space
and time discretization in order to be able to numerically solve
it [131]. Among the wide panel of numerical discretizations
available in the literature, the most commonly used approach
is the “collide and stream” algorithm [Eqgs. (37) and (38)].

To determine the hydrodynamic limit of the LBM, one can
either start from the LBE or from its numerical discretization,
the LBM itself. Hence, at least two types of asymptotic study
are possible. The first methodology is the most commonly
used in the lattice Boltzmann community, as it naturally flows
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from statistical physics, and it is based on the Chapman-
Enskog expansion of the LBE [132,133]. The second ap-
proach is more generally used for the evaluation of numerical
errors introduced during the space and time discretization of a
given set of equations. It is based on the Taylor expansion of
these discretized equations, and it allows the user to rigorously
evaluate the order of accuracy of the numerical scheme of
interest [131]. In the lattice Boltzmann framework, the Taylor
expansion is applied to the LBM itself by considering either a
diffusive [58] or an acoustic [134] scaling. While the former
leads to the derivation of error terms with respect to the in-
compressible Navier-Stokes equations, the latter derives them
in the context of their weakly compressible formulation.
Since the Chapman-Enskog expansion is conducted before
the space-time discretization of the LBE, results obtained
from this asymptotic study remain valid whatever the numer-
ical discretization considered (finite difference, finite volume,
finite element, discontinuous Galerkin, etc.). On the contrary,
the Taylor expansion leads to the derivation of error terms
that flow from both velocity and space-time discretizations.
Hence, it is not possible to determine in a straightforward
manner which discretization is related to error terms obtained
with this expansion. For all of these reasons, the Chapman-
Enskog expansion of the LBE seems to be the best approach
to draw general conclusions about the hydrodynamic limit of
LBMs. Results obtained hereafter will then flow from this
asymptotic study. For the sake of completeness, it is also
worth noting that the Chapman-Enskog could also be applied
to the LBM itself, in order to further derive numerical errors
introduced by the space-time discretization [112,135].

3. Macroscopic equations

In the present context, only second order velocity dis-
cretizations (D1Q3, D2Q9, D3Q19, and D3Q27) are consid-
ered. Let us start with their second order equilibrium state
[105,106]

2 2
?q,Z — 11 gi ‘U (Ez ) ll) _ u
f pw,|: + 2 + 2¢t 2¢2 ]|

s

The corresponding (isothermal) macroscopic equations recov-
ered through the Chapman-Enskog expansion [133] are

0:(p)+ V- (ou)=0,
3 (pu)+V - (pu*) = —Vp+V . (IT'), 93)

where II' = u[Vu + (Vu)'] + O(Ma?) is the viscous stress
tensor with the isothermal and weakly compressible limita-
tion. The superscript T stands for the transpose operator and
p = tpc? is the dynamic viscosity. For the D1Q3 lattice, the

compressibility error reads as
AT = M — T, = 7, (o).

In the case of the D2Q9 lattice, each component of II is
affected as follows:

ATl = I[Bx(pui) + ay(puxui)],
Allyy = ATl = t[a)C(P”i“y) + B.V(puxug)]’
Ally, = I[By(,ou;) + 3 (ouzuy) -

When it comes to both the D3Q19 and D3Q27 lattices, even
more error terms are obtained:

All,, = I[Bx(pui) + 3},(puxu§) + Bz(puxug)],
ALy, = ATy, = t[0c(puiuy) 4 0y (pusuy) + 0-(puuyuz)],
All,, = ATll,, = r[ax(puiuz) + 0y (puyuyu;) + 8Z(puxuf)],
ATl = r[ay(,ou;) + Bx(puiuy) + Bz(puyuf)],
ALy, = ATy = t[dc(pucuyu) + 9y (pusuz) + 3 (ouy?) ],
AL = t[d:(pu) + 0, (puguz) + 9y (pujus)].

It is important to note that the general form of the above error
terms is independent of the collision model framework. Only
the truncation order of the equilibrium state f;? does have an
impact on the compressibility error terms since [59,70]

I, e e
f =9, (Z Eabipf; ") +9, (Z Erabipy f; ">.

It is not possible to get rid of third order terms proportional
to u} (o = x, y,z), due to the aliasing defect &7, = & , that is
specific to second order velocity discretizations. Nonetheless,
by taking into account third order moments compliant with
these velocity discretizations, one can discard the influence of
all nondiagonal error terms as already pointed out in several
studies [47,48,68,69,117,128,129,136]. This result is valid for
both D2Q9 and D3Q27 lattices, as long as third order velocity
dependent terms are not discarded in the definition of their
equilibrium state. For the D3Q19 lattice, error terms propor-
tional to 9,(ucuyu,) are still present since &; 111 is not taken
into account in Bgj9. The interested reader may refer to Ap-
pendix H where full forms of equilibrium states are compiled.

Regarding the impact of the moment space used for the
collision process, it is important to understand that all mo-
ment spaces, even the cumulant one when fourth and higher
order cumulants are discarded, can be related to each other
through linear transformation matrices (see Appendix F). In
this context, the only difference between the macroscopic
behavior of LBMs comes from their original equilibrium
state. As compared to standard collision models (BGK, MRT,
PR, etc.) which originally relied on a second order equilibrium
state, the CM-, CHM-, K-, and RR-LBMs were derived using
extended ones that include high order velocity terms. It is
then only natural that the latter models reduce the number of
velocity dependent error terms present in the viscous stress
tensor. Nonetheless, the present reasoning also suggests that
by keeping high order velocity terms, even for standard col-
lision models, then one would also improve the macroscopic
behavior of the resulting LBM. This was discussed by several
authors [47,48,68,69,117,128,129,136], and further confirmed
through the linear stability analysis of several LBMs [70,85].

Consequently, only the equilibrium state, which depends
on the lattice (and not on the collision model), does impact the
resulting macroscopic equations recovered by the isothermal
and weakly compressible LBMs. For the sake of fairness,
however, it is also important to understand that by changing
the collision model then one also modifies the numerical
properties of the LBM. This is explained by the fact that the
only error introduced by the numerical discretization comes
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from the collision term [59,137]. Hence, one can show that
the numerical behavior of LBMs is drastically impacted by
the choice of both the moment space and the relaxation pa-
rameters [30,57,60,62]. Nevertheless, these errors should not
be attributed to a physical problem, such as the Galilean in-
variance issue, but rather to a purely numerical defect, in order
not to mislead the reader on this particularly complex topic.

VII. CONCLUSION

The BGK-LBM has been really successful during the last
decades due to both its efficiency and accuracy. Nevertheless,
this single relaxation time (SRT) collision model is known to
suffer from severe stability issues during the simulation of
high Reynolds number flows. To circumvent this deficiency,
numerous collision models have been developed. They can be
classified according to the number of relaxation times they
rely on, and via the moment space used for the derivation of
populations. Most of the time, all these collision models are
presented in their own framework with only very few sugges-
tions regarding their possible link with already known models.
While authors mainly concentrate on the comparison of colli-
sion models through a list of numerical test cases, they seldom
explain observed discrepancies from a theoretical viewpoint.

In this context, this work focused on the understanding of
fundamental differences between the most common collision
models. To do so, an extensive search of links between these
collision operators was performed in the case of standard
LBMs of increasing complexity (D1Q3, D2Q9, D3Q19, and
D3Q27 lattices). After drawing relationships between all
moment spaces [raw (RM), central (CM), Hermite (HM),
central Hermite (CHM), cumulants (K)] through the use of
their corresponding moment generating function, a thorough
review of collision models was conducted. The latter drew
a first picture of known links between collision models and
further showed that all these collision models can be rewritten
in a linear matrix form with the exception of the K-LBM.

In a general way, it was also demonstrated that all collision
models recover the very same second, fourth, and sixth order
equilibrium states when the D1Q3, the D2Q9, and the D3Q27
lattices are, respectively, employed for the velocity discretiza-
tion of the Boltzmann equation. Nonetheless, the use of the
D3Q19 lattice led to two different equilibrium states because
of its noncompliance with tensor product rules. Interestingly,
the use of these extended equilibrium states might improve
the linear stability of the corresponding LBMs, as recently
demonstrated for both BGK and regularized D2Q9-LBMs
[70].

Regarding the mathematical comparison of collision mod-
els, while it was not possible to find discrepancies between
them in the one-dimensional case, deviations started appear-
ing in the two-dimensional case. Using the D2Q9 lattice and
with the assumption of a SRT operator, all models recov-
ered the behavior of the BGK-LBM but both RR- and K-
LBMs. Using several relaxation times, a partial equivalency
between raw and Hermite frameworks was obtained in both
the reference frame at rest (RM and HM) and in the co-
moving reference frame (CM and CHM), when the collision
of bulk and fourth order moments were sharing the same
relaxation frequency (w,, = w4). Still using a multirelaxation

time (MRT) approach, it was confirmed that raw and central
frameworks can only share the same behavior if the simulated
flow is at rest, i.e., imposing u, = u, =0.

In addition, the projection based regularization (PR) step
was recasted in a collision step occurring in the HM frame-
work, where nonhydrodynamic contributions are actually fil-
tered out imposing @™ = w!™ = 1. Most importantly, the
SRT-RR-LBM was reinterpreted as an extension of the PR
approach to the comoving reference frame (CHM space)
where third and fourth order contributions were also discarded
(@§™ = of"™ = 1). Imposing wSM = oM = 0™ = 1, the
cascaded-LBM was further demonstrated to correspond to
the MRT-RR-LBM where wf® = 1. The latter condition is
viable if and only if one is not interested in the simulation
of acoustically related phenomena. This might explain why
the cascaded collision model was usually employed with
these collision frequencies in order to simulate incompressible
flows. In conclusion, the most general formulation of the
MRT-RR-LBM was shown to belong to a completely different
kind of collision models.

Discrepancies between orthogonal (MRT and TRT) and
nonorthogonal approaches (RM and HM frameworks) were
also highlighted. For the orthogonal MRT, they were shown
to originate from the orthogonalization procedure, which is
based on the construction of an orthogonal basis through
linear combinations of monomials, eventually leading to
spurious entanglements between moments of different or-
ders. From this perspective, the orthogonalization procedure
seemed to induce more issues than it solved. The orthogonal
version of the TRT-LBM was shown to be able to cancel out
these spurious entanglements.

A deviation between the CM- and the K-LBMs appeared
due to the inclusion of the fourth order central moment in
the expansion of post-collision populations. This discrepancy
originates from the nonlinear relaxation of cumulants related
to this central moment, eventually leading to a radically
different behavior as compared to all aforementioned collision
models.

The above results were further confirmed for the D3Q27
lattice where the number of deviations increased due to the
presence of more high order moments. Guidelines concerning
the extension of all collision models to the D3Q19 lattice were
also provided. In particular, these explanations made possible
the derivation of both RR- and K-LBMs in a straightforward
manner for the latter lattice (Appendix G). The comparative
study then led to the very same conclusions as before due
to the presence of fourth order contributions in the expan-
sion of populations. Nevertheless, equilibrium states obtained
through Gauss-Hermite quadrature and tensor product rules
were shown to not be equivalent anymore, meaning that only
collision models based on the same equilibrium state should
be compared to each other.

It was finally shown that the reduction of error terms in
the macroscopic equations recovered by the LBM — those
originating from the limited accuracy of standard lattices
and not from the numerical discretization — was only due to
the form of the equilibrium state and not to moment space
employed for the collision process.

For the sake of completeness, Supplemental Materials were
also provided to help the reader with the coding of collision
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models considered in this work. They include a discussion on
the methodology adopted, as well as, pseudocodes dedicated
to the implementation of the D2Q9 and D3Q27 formulations
[91].

Regarding future works, it is planned to further compare
collision models through the evaluation of their linear stability
domain. This study will include both results on eigenvalues
[70] and eigenvectors [84] of corresponding linearized LBMs.
Not only will it allow the proper classification of collision
models based on their stability domain, but it will also lead to
a better understanding of the stabilization mechanism specific
to each model. These linear stability analyses should also
help to (1) better quantify errors introduced by the numerical
discretization of the collision term, and (2) find optimal values
of collision frequencies to further improve the stability of
LBMs in the low-viscosity regime. Collision models offering
the best tradeoff between stability and accuracy will then
be compared to dynamic models through both academic and
realistic configurations.

In parallel to this, it is also planned to continue the work
initiated in Ref. [70]. This should lead to further extensions
of all aforementioned collision models to high order LBMs,
for which the simulation of compressible flows induces even
more severe stability issues. Eventually, it would be interest-
ing to see if it is possible to further translate all the collision
models in the quasiequilibrium formalism [116]. While it
seems very likely to find analogies with moment approaches
(RM, HM, CM, and CHM), it is still unclear if it will be
possible for RR- and K-LBMs. Corresponding results will be
presented in a future work.
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APPENDIX A: LATTICES

Henceforth, the main characteristics of standard velocity
discretizations of interest are compiled. Figure 1 contains
the representation of each velocity discretization, whereas
Table II gives further information regarding their velocity sets
&,, their associated Gauss-Hermite weights w;, and their lattice
constant c;.

APPENDIX B: BELL POLYNOMIALS

These polynomials are used in combinatorial mathematics
to study set partitioning [94,95]. The Bell polynomial of
degree n is defined as

Byxi, ..o x) =Y Bug(xi, ... Xaksr),  (BD)
k=1

1
S S

FIG. 1. Illustration of the D3Q27, D3Q19, D2Q9, and D1Q3
lattices (from top left to bottom right). Relationships between lattices
are highlighted in red. From them, it flows that the structure of the
D1Q3 Iattice is contained in the D2Q9 lattice, while both the D3Q27
and the D3Q19 lattices rely on the fundamental structure of the D2Q9
lattice.

where B, ; are partial Bell polynomials, and xi, ..., x, are n
variables. Each B, ; corresponds to the partitioning of a set
composed of n elements into k nonempty subsets.

As an example, let us consider the set S = {a, b, c}, and let
us find all its possible partitionings (described via Bs). There
are three ways to partition S:

(1) One subset composed of three elements

S1={{a, b, c}}.
(2) Two subsets composed of one and two elements

S = {{a}, {b, P} U {{b}, {a, c}} U {{c}, {a, b}}.

(3) Three subsets composed of one element

&3 = {{a}, {b}, {c}}.

Through x;, x,, and x3, partial Bell polynomials B3 j, B3 2,
and Bj 3 allow the mathematical description of partitionings
Si, &, and Ss, respectively. Assuming x, indicates the pres-
ence of a subset composed of p elements, then

B3 1(x1,X2,X3) = X3

TABLE II. Description of standard lattice structures of interest.
Weights w; related to velocity groups compose the right part of the ta-
ble. Here, the cyclic permutation is implied, which means, for exam-
ple, that (1, 0, 0) stands for all six possibilities (£1, 0, 0), (0, &1, 0),
and (0,0, £1) in the 3D case, while only (£1,0), (0,+1), and
(£1) are implied in the 2D and 1D cases, respectively. All velocity
discretizations share the same lattice constant ¢; = 1/+/3.

Group 3 D1Q3 D2Q9  D3QI9 D3Q27
1 (0,0, 0) 2/3 4/9 1/3 8/27
2 (1,0,0) 1/6 1/9 1/18 2/27
3 1,1,0) 1/36 1/36 1/54
4 1, 1,1 1/216
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since only one subset, composed of three elements, is included
in 8. In addition,

B3 (x1, x2) = 3x1x2

because S, is composed of (three) subsets divided into two
blocks of length two and one, respectively. Eventually,

Bss(x1) = x;

since &3 contains three singletons. Hence, the corresponding
Bell polynomial is

3
B3 (x(, X2, x3) = x3 + 3x1x2 + x7.

Applying the very same reasoning for 1 < n < 6, Bell
polynomials read as

Bi(x1) = x1,
By(x1,x2) = X2 + 17,

3
B3(x1, X2, x3) = x3 4+ 3x0%1 + X7,

By(xy, ..., x4) = x4 +4x1x3 + 3x§ + 6x%x2 +x‘1‘,

Bs(x1,...,x5) = x5 + Sx1x4 + 10xx3 + 1Ofo3
+ 15x1x§ + 10x?xz + xf,

Be(x1, ..., X6) = X¢ + 6x1x5 + 15xx4 + 15xfx5

+ 10x3 + 60x1x203 + 20x7x3 + 15x3
+ 45x7x3 4+ 15x7x2 + x5, (B2)

Defining y, = Zzzl By i (x1, ..., Xy—k+1), the inversion for-
mula, allowing to express x, with respect to yi,...,y,, is
[94,95]

%= Y (=D k= DB yekr). (B3
k=1

Finally, one obtains relationships between raw moments and
cumulants [Egs. (C5) and (C6)] replacing (x,, y,) by (M, K,)
in the above formulas.

APPENDIX C: UNIVARIATE FORMULAS

In this Appendix, formulas used to link all statistical
quantities of interest between each other are compiled in the
univariate case.

Relationships between raw and Hermite moments flow
from formulas expressing Hermite polynomials with respect
to monomials (5). Up to n = 6, they read as

My =Ag =1,
M1:A1:MX,
M2=A2+C§2,,

M; = A + 3c§ux,

My = Aq + 6¢2A; + 3¢t

Ms = As + 10c2As + 15u,c?,

Mg = Ag + 15¢2A4 + 45¢ A5 + 1568, (C1)

and
Ag =My =1,
Al :Ml = Uy,
Ay =M, — 2,

Az = M5 — 3c§ux,

Ay =My — 6ch2 + 3cf,

As = Ms — 10c2M5 + 15u,c?,

Ag = Mg — 15¢My + 45¢IM, — 1568, (C2)
Continuing with relationships between raw and central

moments, they are simply obtained using recursive formulas
introduced in Eq. (12),

Mo=M, =1,
M]:M1+Mx:uxs
MzZMz-{-u)zC,

M; = M3 + 3uM, + ul,

My = 1\74 + 4ux1l73 + 6u)2€1\712 + ui,

Ms = Ms + Su My + 10u>Ms + 10> M, + 12,

Mg = Mg + 6u,Ms + 151> My + 20u> My + 15u* M, + u®,

(C3)
and Eq. (11),
My = My = 1,
My =M, —u, =0,
Mz :Mz—u)zc,

]\713 = M3 — 3u.M, + 2ui,

My = My — 4uMs + 61>M, — 3u’,

Ms = Ms — 5uMy + 10u>M3 — 100 M, + 4id’,

Mg = Mg — 6uMs + 15u>My — 20> M5 + 15u*M, — 5u®.
(C4)

It is important to note that replacing M andNM by their
counterparts in the Hermite framework (A and A) the above
formulas remain valid. This is explained by the fact that when
the change from the reference frame at rest to the comoving
one is done then a simple shift of exp(—M;¢) is applied to the
raw (or Hermite) moment generating function.

Considering now relationships between raw moments and
cumulants, formulas derived thanks to Bell polynomials
(Appendix B) lead to

My = exp(Kop) =1,
M, = K| = u,,
My =K+,
M5 = K5 + 3u K> + 1,
My = Ky + 4u, K3 + 3K5 + 612K, + u?,
Ms = Ks + 5uKy + 10K3K> + 10u2K;
+15u,K? + 101K, + 12,
Ms = Ko + 6Ksu, + 15K,K; + 154Ky
+ 10K3 + 60u,K3K> + 20’ K5 + 15K5
+ 451K} + 150Ky + u®, (C5)
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and

Ko = In(Mp) = 0,

Ky =M, =u,,

Ky = My — u?,

K3 = M3 — 3u,M, + 2u,

Ky = My — 4u, M3 — 3M3 + 12u*M, — 6u’,

Ks = Ms — Su,My — 10M3M, + 20u>M;
+30u, M3 — 60u> M, + 241,

Ks = Mg — 6u,Ms — 15M;M, + 30u>M, — 10M3
+ 120u,M3M, — 120u> M3 + 30M;
—270u>M3 + 360utM, — 120u°. (C6)

Regarding formulas between central moments and cumu-
lants, one just needs to move to the comoving reference frame.
In fact, this amounts to neglecting terms proportional to u, in
the above formulas [53,93]. Hence,

A7lo = exp(Kp) = 1,
]‘71 = Kl — Uy = O,

~

M) = K3,
M5 = Ks,

M, = Ky + 3K2,
Ms = Ks + 10K:K>,
Mg = Kg + 15K,K, + 10K? + 15K, (C7)
and
Ko = In(My) = 0,
Ky = M, +u, = u,,
K, = My,
Ky = M;,
Ky = M, — 3M2,
Ks = Ms — 10M3M,,
Ko = Mg — 15M4M, — 10M? + 30M;. (C8)

APPENDIX D: BIVARIATE FORMULAS

Henceforth, bivariate formulations of relationships be-
tween statistical quantities of interest are presented. Starting
with raw and Hermite moments, the most straightforward way
to compute their bivariate relationships is to take advantage of
the orthogonality properties of Hermite tensors. Hence, they
are simply computed as [70]

Moy =Ap =1,
Mo = Ao = uy,
Mo = Ao1 = uy,

My = MioMo; = ApAor = Ay,
May = Ay + 2,

My = A +Cf, (D1)

My = MMy = (Azo + C?)Am =Ay + C%”yv
My = MioMy, = Alo(Aoz + C%) =Ap + u,,
My, = MMy = (Ax + ¢}) (Ao + )

= An + 2 (Ax +Ap) + ¢t

and
Ao = Mg =1,
Ay = My = u,,
Aor = Mo1 = uy,

Ay = ApAgr = MioMy = My,

Agg = My — 2,

Apy = My — 2,

Azl = AyAgr = (My — C?)Mm = My — ctu,,
A = AjpAg = Myo(Mo — ¢}) = My — cluy,
Ap = AxAp = (May — ) (Mo — ¢7)

= My — 2 (Ma + M) + ct. (D2)

One must be careful regarding the above method. Indeed,
one must wait until the very end before replacing zeroth and
first order moments by their values. As an example, M| #
ucuy(=MyoMoy) since M{|? = My, — M} is related to viscous
phenomena and is usually nonzero.

The simplest way to extend relationships between raw
and central moments to the bivariate case is to rely on the
corresponding binomial formula

P q

~ p q — —k,

V=2, 2 <k )(kv)(_”’“)p ) M
ke=0ky=0 N )

Inversion formulas are then obtained discarding the minus
sign

P q
p q —k, Gk 5
My, = Z Z <kx> (kv>”§ kx”; M.

In the case of the D2Q9 lattice (p < 2 and g < 2), this leads
to

Moo = Moy = 1,
My = My + uy,

Moy = Mo, + uy,

Myy = My + u?,

Moy = My, + 0,

My, = M, + Uy,

My = My + My1‘7120 + 2u, My, + uluy,
My = Myy + uMoy + 2u,M); + Uylty,
My, = My + 2uy1‘7121 + 2u, M),

+ Ltiﬂzzo + uzlq()z + 4uxuy1\211 + uﬁui, (D3)
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and
Moo = Moo = 1,
My = Mo — uy,
Moy = Moy — uy,
May = Myy — 12
Moy = Moz — 0,
My =My, — Uylty,
le =M, — u_\,MZ() —2u M + 214314},,
My = Myy — u,Moy — 2uMy; + Quus,
My = My — 2uyMyy — 2u My + M)Z,Mzo

— 3uu’. (D4)

x %y

+ M)%Moz + 4uxuyM11

Due to the fact that there is a linear transformation allowing
us to move from monomials to Hermite polynomials, these
relationships remain valid for Hermite and central Hermite
moments. Hence, one simply needs to replace M and M by A
and A in the above formulas to recover relationships between
Hermite and central Hermite moments.

To link raw moments and cumulants in the bivariate case,
differential operators introduced in Sec. I F, and proposed by
Kendall [53,93], are employed. Corresponding relationships
are then

Moo = exp(Koo) = 1,

Mo = Kio = iy,

Mo = Ko1 = uy,

My = K1 + uuy,

May = Ky + 12,

Mo = Koy + 13,

My = Koy + uyKoo + 2u, Ky + tuy,

My = Ko + u Ko + 2u,Kqy + qu)zv,

M2y = Ky + 2uyKs1 + 2u K13 + Ky Koz
+ u; Ko + u; Koy + 2K7,
+ 4u,u, Ky + ufuﬁ (D5)

and
Koo = In(Myo) = 0,
Kio = Myo = uy,

Kor = Moy = uy,

Ky = My — uuy,

Koo = Moy — u?,

Ko = Moz — ui,

Koy = Moy — uyMag — 2u, My + 2uluy, (D6)

Kiy = Myy — uxMop — 2u,Myy + 2u,
Ky = My — 2u,M>; — 2uMiy — MaoMo
+ 2ul Moy + 2u; Moy — 2M7,

+ BuuyMy| — 6u§u3

For central moments, one can again discard terms propor-
tional to u, and u,. Doing so, one obtains

Moo = exp(Kno) = 1,
Mo = Ko —Mip =0,
Moy = Koy + Mo; =0,

My = Ky,
Moy = Ko,
Mo, = Ko,
M = Koy,
My, = Ky,
My = K»n + (Kx0Ko» + 2K7},). (D7)

and
Koo = In(Moo) = 0
Kio = Myg + Mo = u,,
Kor = Mo + My, = uy,

Ky = My,
Ko = Moy,
Koo = Moo,
K>y = Moy,
Ki» = My,
Ky = My — (1‘71201\702 + 21‘7121), (D8)

where it is clear that deviations from central moments start
appearing in fourth order cumulants.

From the implementation point of view, the conversion
from central moments to cumulants is clearly simpler than the
one using raw moments. Apart from that, there is no funda-
mental reason for the use of central moments instead of raw
ones. Furthermore, formulas for post-collision populations are
more complex in the CM framework (74b) than in the RM one
(72). In the 2D case, it is then not clear if the use of central
moments should be preferred or not.

APPENDIX E: TRIVARIATE FORMULAS

Hereafter, the methodology introduced in Appendix D
is further extended to the trivariate case. Starting with raw
and Hermite moments, orthogonality properties of Hermite
polynomials are, once again, used to relate these two families
of moments. For the D3Q27 lattice, corresponding formulas
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are

Mooo = Agoo = 1,

Moo = A1go = Uy,
Moio = Aoro = uy,
Moo = Agor = ug,

Mo = Aro,
M1 = Ajo1,
Mo11 = Ao,

Mg = Ango + €2,
Moo = Ao + €2,
Mop = Aoz + €2,
Mg = Asio + cCuy,
Mao1 = Ay + Cus,
Moa1 = Ao + cCug,
Miz = Ao + Cuy,
My = A2 + CCuy,
Moiz = Aoiz + cZuy,
My = A,

Mo = Ao + ¢2(Az00 + Aco) + ¢,
Mooy = Asp + ¢2(Anoo + Ao2) + €,
Moz = Agzz + ¢2(Aozo + Ao2) + ¢,
My = Aoi1 + Ao,
My = A1 + A1,
My = Aj1n + c2Aqo,

Moy = Axi + 2(Azo1 + Aoar) + cug,
M1z = Agin + c2(Az10 + Aorz) + Chuy,
Min = A + (A1 + Ar2) + cluy,

Moy = Ay + ¢2(Axo + Ason + Aga2)
+¢§ (A0 + Ao + Aoo2) + €8,

For raw and central moments,

Aoop = Moo = 1,

Ajoo = Moo = uy,
Aoto = Mo1o = uy,
Agor = Moo1 = u,

Aj19 = My,
Ajo1 = My,
Ao = Mo,

Asgp = Moy — ¢
Ao = Moo — ¢
Aoo2 = Moo — ¢
Azip = My — CSM),

’

)

l\) [NSEcl (S Ll )

A1 = Moy — ctu,
A1 = Mo1 — cCug,
Ao = Myag — 2uy,
Ajpp = Mygp — ctuy,
Aoz = Moz — cuy,
A = My,

Ao = Moy — 2 (Moo + Mono) + 2,
Asy = Moy — ¢2(Mago + Mo2) + ¢,
Aoz = Moz — ¢2(Mozo + Moo2) + 5,
Axi = Mayy — Moy,

A = My — c2My1,

A = My1n — My,

Axi = Moy — ¢2(Mag1 + Moo1) + cug,
Arip = Mayy — 2 (Moo + Mor2) + cluy,
A = Mz — 2 (Moo + Miop) + cluy,
Ay = My — c2(Mao + Moy + Mon)

+ct(Mago + Moz + Mooz) — ¢©. (E1)

ZZZ( )( )()( )P~ (=t )17 (ot Y M.

ky=0 ky=0 k,=0

Inversion formulas are once again obtained discarding the minus sign

R

N>

k=0 ky=0 k=0

Thus, relationships obtained for the D3Q27 lattice are

Mooo = Moo = 1,

= Mo + Uy = uy,

Moo = Moo + uy = uy,

Moo1 = Moor + u, =
Mg = Moo + M,ZC,
Moz = Moo + 0,
Mooz = Mooz + u?,
My = My + Uyly,
Mo = My + o,
Mon = Mo + Uy,

U,
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My1o = Myyo + “yMZOO + 2u My + M)%My,
Mooy = Moo + u;Mago + 2u Mo + wlu,,
Mg = Mo + uMono + 2u, M0 + Ulty,
Mo = Moai + u;Mop + ZMmel + Miuz,
Mgy = Mo + Mooz + 2u,M 01 + UNT:S
Moi> = Mors + uyMoos + 2u, Moy + uyii2,

My = M+ u My + uyMior + u Moy + weuyu,

Moy = Mg + 2uy, Moo + 2uM 20 + Mooy + 12 Mono + 4w, M1 + ulu?,
Moy, = Mag + 2Mzﬁ71201 + 2u, Moy + Mzz,ﬁzoo + M,%Mooz + 4quz1‘71101 + uiuf
Moz = Moy + 2u:Moo + 2uy Mo + uMozo + M§M002 + duyu Moy, + wu,
My, = My, + MZM210 + uyMZOl + 2u, My + uyuzMZOO + 2”){“11‘7110 + 2uxuy1‘7101 + M)%Mon + M)Z(uyuza
Mz = My 4 u,Myo0 + uMop; + 2Ltyf‘71111 + et Mono + 2”}'”z1‘7110 + 2quyﬁ7011 + M§1‘71101 + quiuz»
My, = My + uyMIOZ + uMorn + Zuzﬂm + quyM002 + 2”}1“2]‘7101 + ZMXMZJVIOH + Mflqllo + uxuyuﬁ,

Moy = My + uMa + 2uy1‘7211 + 2u My + 2Myuzﬁ71210 + M§A71201 + ufi\?om + 2w My + 4quy1‘71111
+ uiuzﬂzoo + uiuzﬁozo + 4MxMyMzM110 + ZMXM)Z,Mlol + 214)2(14_\:1‘71011 + “azc”,%“z’

My1y = Myp + MyMZOZ + 2uzﬁ71211 + 2u M1y + Mgﬁzm + 2uyuzﬁ7lzo1 + 2uxuy1\71102 + M§1‘71012 + 4uxu21\71111
+ uyugﬂzoo + uiuyﬂooz + ZMXMEAZHO + 2u§uZA7011 + 4uxuyu1117101 + uiuyuf,

My = My + uxMoy + 2u.M ) + Zuyﬂuz + Mgfvllzo + M§A71102 + 2uu-Moy; + 2uxuy1‘7012 + 4My1411\7111

277 277 277 2 o 22
+ ucuz Moo + uxtty Moo + 2uyuzMiio + 2uyu Moy + 4uuyuMonr + uuyu,

My = My, + 2MZM221 + 2“}*]‘72]2 + 2u, M5 + Mffvlzzo + Miﬁzoz + uiﬁozz + 4MyuzM211 + 4ux“le2l
+4MXL£),M112 + 2%,%?]%210 + 2M§MZM201 + ZMXM§M120 + 2u§uxﬂ7102 + 2u§uZ1\7021 + 2u)2(uy1\7012

v, 2 27 2 277 2 27 257 2 2 7 222
+ Buyuyu My11 + uyuZMzoo + wu; Moo + quyMooz + duuyu;Myio + 4uxuyuZM101 + duuyuMor + U Uy U, (E2)

and

Moo = Moo = 1,

Moo = Migo — uy = 0,

Moo = Moio — u, =0,

Moo1 = Moo — u, =0,

Moy = Moy — Mf

Moz = Moo — 0,

Mooz = Mooz — u?,

Mo = My — Uylly,

M1 = Mo1 — uu,

Mo1y = Moy) — Uyltz,

Mg = Mo — uyMoog — 2uMi10 + 2u’uy,
Mao1 = Magy — u;Magy — 2uMyo; + 2ulu,,
Mz = Mizo — :Mozo — 2u,M110 + 2u,
Moo = Mooy — u:Mogo — 2u,Mon1 + 2u7u,
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~ 2
M2 = Mgz — uxMooz — 2u;Myo1 + 2uuz,
~ 2
Moz = Moo — uyMooz — 2uMo1y + 2uyu;,
My = My — u Mo — uyMio) — uxMoyy + 2uxttyu,

Moy = My — 2uyM>10 — 2uM 20 + uiMzoo + 12 Moo + duu,My 1o — 314)2(%5,
Moy, = Magy — 2u, Moy — 2u Mg + uzMago + 1:Moon + duu Mo — 3uiic,
Moy, = Moy, — 2u:Moy — 2uyMors + uMono + u; Mooy + 4uyu-Mory — 3uju?,

Moy = Moy — u;Mao — Moo — 2uMi11 + tyu, Mooy + 2uxu: Mo + 2usityMior + u>Mory — 3uluyu,
Mz = Mioi — u;Miz9 — u,Moo1 — 2uyMy11 + uxu; Moo + 2uyuMi10 + 2ucuyMor; + M§M101 - 3Mx'4}2,uz,

~ 2 2
My = M1z — uyMioy — uxMorz — 2u M1 + uyieyMooy + 2uyu Moy + 2uuMor1 + uzMi1o — 3u,uyus,

~ 2 2
My = My — uMao — 2uyMoi — 2ucMin1 + 2uyuMoio + uyMoor + Moot + 2ucuMizo + 4uxuyMin
2u.M. 1. M, 4 M 2uu’M 2u’u,M, 4uPu?
— uyu: Moo — uu:Mopo — duxuyuMyo — 2uxuyMior — 2uuyMory + 4w uguz,

Ma1y = Mayy — uyMagy — 2u; M1y — 2u M2 + uZMaio + 2uyu Mooy + 2uttyMiop + :Mo1o + duu M1y
2

79
Z

2 2 2 2 2
— uyuz Moo — uuyMooy — 2uu;My1o — 2uiu Mot — 4ucu,u, Moy + 4uuyu

~ 2 2
Mz = Moy — uxMozy — 2uMioy — 2uyMiiz + u; Moo + ugMio + 2uu-Mooy + 2ucuyMorz + 4uyu My

2 2 2 2 2.2
- uquM()z() — I/txuyMooz — 2uyuZM110 — 2uyuzM101 — 4quyuzM011 + 4-I/lxl/tybtZ s

o 2 2 2
My = My — 2uMnyy — 2uyMo1z — 2ucMin + u;Maog + uyMooy + Moo + 4uyuMo1 + 4ucu Moo
2 2 2 2 2 2
+ 4quyM112 - 2LtyuZM21o — 2uyuZM201 — 2uquM120 — 2uyuXM102 — ZMXMZM()Zl — 2uxuyM012
—8 M 2uPM 2uPM 2u2M 4 M
Uty My + uguz Moo + wu; Moo + w iy, Mooz + duxuyi; Mo

+ 4uxu§uZM101 + 4u)26uyuZM011 — 5u§u§uf (E3)
When it comes to raw moments and cumulants, Kendall’s differential operators are used to derive trivariate formulas from
the univariate case [53,93]. Up to K>y, and M»y;, this leads to

Moo = exp(Kopo) = 1,

Moo = Kioo = ux, Moo = Koro = uy, Moor = Koor = ug,

2 2 2
Moo = Kaoo + uy, Mozo = Koo + uy, Mooz = Kooz + u,

Mo = Kiio + ueny, Mig1 = Kio1 + ueu;, Moy = Koy + uytz,

Moo = Ka1o + uyKooo + 2uxKi10 + uluy,
My = K1 + u,Kppp + 2u K01 + %zcuz,

Mo = Koot + u-Kooo + 2uyKor1 + ujuz,

2

Mz = Kizo + uxKopo + 2uyKy10 + ucuy,

Moz = Kiop + ucKooz + 2u.Kio1 + ucu?,
Moi> = Koio + uy Koo + 2u.Kor1 + uyuZ,
My = Ky + u K10 + uyKior + ucKopy + uctyug,
Moy = Ko + 2(uyKaio + ucKi20) + 13 Koo + KoooKaoo + M§K200 + 2K}y + 4y Ko + M,%Mi,
Moy, = Kogp + 2(u-Kao1 + uxKi02) + 6 Koor + KoooKooo + 47 Kaoo + 2K 7y, + 4w Kior + ujic,
Moz = Kooz + 2(u Kon1 + uyKoi2) + uiKooz + Koo Kooo + 12 Koo + 2KG,, + 4uyu-Kor1 + ”\2 uz,
M1 = Koui + u Koo + uyKror + 2u. K11 + Kor1Kz00 + 2K101K7110 + iyt Koo

+ 21Ky 10 + e, Kio1) + W2 Kon + uluyu,
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M2 = K1 + u Koo + uKop1 + 2uy K11 + Kio1Kozo + 2Ko11 K710 + uxu; Koo
+ 2y Ki1o + ey Koin) + ) Kior + e,

M2 = Ki12 + uyKiop + uc Koz + 2u K11 + Ki10Koo2 + 2Ko11 K101 + ity Kooo
+ 2(uyu Kior + e Kory) + uZKi1o + wxuyu?,

My = Kooy + u Koo + 2(u, K121 + uyKo11) + Ko20K201 + Ka00Ko21 + 2(Ki01K120 + Ko11K210)
+ 4K 10K111 + 2(uyu Ky 10 + ucu Kizo) + uiKzol + 2 Koo1 + dusty K11 + 1, KooKaoo
+2(uyKo11 K00 + t:Kio1Kooo + u:Ky) + 4(uyKio1 K10 + u:Ko11Ki10) + Miuszoo
+ uu Koo + 2(uxu§K101 + ufuyKo“) + ducuyu Ko + ufuiuz

M1z = Kz + uy,Koop + 2(u; K11 + u,K112) + Kooz K210 + KoooKor2 + 2(Ko11 K201 + Ki10K102)
+4Ki01 K111 + 2(uyu Koo + ety Ki2) + 2 Ko1o + uiKoro + 4ust K1y + tyKooaKaoo
+2(uKo11 Kaoo + u:K110Koo2 + uyKioy) + 4(u-Ki10Ki01 + ueKor1Kior) + yu? Kago
+ uzuyKooz + 2(uxu§K110 + uiuzKon) + duuyu Ko + uiuyuf,

M2 = Kim + u Koo + 2(u K21 + u,K112) + Kooz Ki20 + Ko20Ki102 + 2(Ki01 K21 + Ki10Ko12)
+4Ko11 K11t + 2(uxit; Koo + ey Korn) + uZKino + Mleoz + duyu K11 + ucKoo2 Koo
+ Z(MzKlmKozo + uyK110Ko02 + uxKgn) + 4(u K110Ko11 + uy,Ko11K101) + qugKozo
+ uxu)z,Kooz + 2(uyu§K110 + uiuzKl()l) + ducuyu Kory + uxuiuf,

My = Kyx + 2(u Koy + uyKopo + u,K122) + Kooa K220 + Ko20K202 + KoooKooz
+4(Ko11 K11 + Kio1Ki21 + KiioKin2) + uz Ko + MSKzoz + Ko + My Kopy + uuKioy + ey, Ki1a)

+2(Ko12Ka10 + Koo1 Koot + Ki02Ki20) + 4K7y, + 2y KooaKato + u:KoaoKaor + uxKoo2 K120

+ 1y Kr00Ko12 + u:Kr00Ko21 + uxKo20Ki02) + 4(u:Ko11 K210 + uyKo11 K01 + u: K101 Koot

+u Ki01Ki20 + uyKi10Ki102 + ucKi10Ko12) + 8(uK110K111 + uyKi01 K111 + uxKo11Kq11)

+ 2(u_\,ufK210 + uiuZK201 + ujzcuzKozl + uxulezo + uxu§K102 + ujzcumez) + Bu uyu Ky

+ Ka00Ko20Ko02 + 2(KfyoKooz + Koy Koo + Kio1 Kozo) + 8Kon1Kio1Kio + uZKaooKozo

+ u_%KzooKooz + 1 Kono Kooz + 4(uytt.Kot1Kaoo + K101 Kono + ttetty Ki10Ko02)

+2(u2K 7o + 5Ky + 12KGy ) + 8(usuKor1 Kiio + uyuzKio1 K110 + tcttyKor1 Kior)

+ uiufl@oo + ufu?Kogo + MiuiKooz + 4(uxuyu§K110 + MxM§MZK101 + ufuyuzKQ“) + uiu?uﬁ, (E4)

and

Kooo = In(Mogo) = 0,
K100 = Moo = uy, Koro = Moo = uy, Koor = Moo = u,

Kaoo = Moo — uZ, Kooo = Moo — Mi, Koo2 = Mogp — Mf,

K110 = My1o — uxuy, Kio1r = Myo1 — uyuiz, Koyt = Moy — uyug,
Koo = Mayo — uyMago — 2u, M1 + 2ulus,

Kao1 = Magy — u;Maoo — 2u,Mio; + 2ulu,

Koo1 = Mog1 — u:Mopo — 2u,Moy1 + 2uu,

Kz = Moo — Moo — 2uyM10 + 2us,
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Kioo = Moo — uxMooz — 2uMo1 + 2qu§,
Kotz = Mora — uyMoox — 2u;Mo1 + 2uyu?,
Ky =My — uMyo — uyMior — ucMory + 2u,uyu,
K20 = Mo — 2(uyMs1o + uxMi20) — MapoMooo + 2u* Moo + 2M§M200 —2M?, + Bu My — 6”3“5
Koy = Moy — 2(u;Mao1 + u:Mi02) — MaooMooa + 2uMooz + 2uzMagy — 2Mig; + Susu Mg — 6uu?,
Koy = Mo — 2(u M1 + uyMy12) — MoxoMooz + 2M§M002 + 2u? Moo — 2M3;, + Suyu, Mo — 6145'45,
Kori = Moy — (uMayo + uyMoor) — 2uMiiy — MoiiMaoo — 2M101M 110 + 2uyu; Moo
+ 4(ueu Mo + weyMior) + 2u; Moy — 6uuyu,
Kot = Mz — (u;M1z0 + uMon1) — 2uyMy11 — MiotMozo — 2Mo11 Mo + 2w Moo
+ 4(uyu Mo + ucuyMor1) + 2u§M1o1 - 6Mx14§uz,
K12 = Mo — (uyMyoz + uMo12) — 2uMi11 — Mi10Mooz — 2Mo11M101 + 2u, 1, Mooz
+ 4(uyu Mo + ucuMo1) + ZufMl 10 — 6“)(“)'“37
Kon1 = Moy — u; Mo — 2(uxMi21 + uyMa11) — (MozoMoaor + MaooMoa1) — 2(M191M120 + Mo11M210)
—4My1oM111 + 4(uyu Moo + uuMizo) + 2(u§M201 + uZMon1) + Suyuy M1y
+ 2u,MoroMago + 4(uyMo11 Mago + ucMi01Mozo + “lezl()) + 8(uyMi01M 110 + ucMo11M10)
— 6(u§uZM200 + uﬁuzMozo) — 12(uxu}2,M101 + uiume 1) — 24uuyu Mo + 24u§u)2,uz,
Ko1o = Moio — uyMagy — 2(u Moy + uMy12) — (MooaMaio + MagoMor2) — 2(Mo11 Mooy + Mii1oMio2)
—AM M1y + Ay Mooy + uyMio) + 2(uz Moo + uzMor2) + Suxu My
+ 2u, Moo Maoo + 4(uzM011M200 + uMi10Moo2 + uyM1201) + 8(uM110M101 + uMo11M101)
— 6(uyu§M200 + u)zcuyMooz) — 12(uxu§M110 + ufuzMon) — 24uuyu Mo + 24ufuyu§,
K12 = M1y — uxMop — 2(u;M121 + uyMi12) — (MooaM120 + Mo2oM102) — 2(M101Mo21 + M110Mo12)
—AMon M1y + 4uuMopy + uayMorn) + 2(zMiz0 + M§M102) + Suyu My
+ 2uMoo2Mozo + 4(u-My01Mozo + uyMy10Mooz + “ngn) + 8(uMy10Mo11 + uyMo11Mi01)
— 6(uxu§M020 + quiMooz) — 12(uyu§M110 + M§MZM101) — 24u,u,u Moy + 24uxu}2,u§,
Kooy = Moz — 2(uMapy + uyMoiz + uxMin) — (MooaMazo + MozoMaoz + MaooMoo2)
—4(Mo1 Moy + MMy + MyioMin2) + 2(u2Mao + 1y Mooy + uzMon) + 8(uyuzMoyy + u:Miny + ey My 1)
— 2(Mo1aMayg + Moy Mooy 4 MigaM29) — 4M3, | + 4(u,MooaMayo + u:MoaoMaor + uxMooaM 0
+ uyMoooMo12 + u. MM + uxMpoMi02) + 8(uMo11Ma10 + uyMoi1Moo1 + uxMio1 Moo,
+ u M1 Mi20 + uyMiioMioz + ueMii0Mo12) + 16(uMi10M111 + uyMioitMi11 + uMo11Mi11)
_ 12(uyu§M210 + u}z,uzMzol + u)zcuZM(m + uxungzo + uxu§M102 + ujzcumez) — 48u uyu,Miy
+ 2Ma00MoMooz + 4(M71oMonz + Mgy, Moo + M, Mozo) + 16Mo1 1M1 M) 10
— 6(uZ MaooMono + 1y MagoMonz + 13 MonoMooz) — 24(uyu- Moy Moo + txitzMy01 Moo + txityMy10Mooa )
—12(u2M7yo + g Mg, + uiMgy,) — 48(uxu: Mo My + uyu:Mio: M0 + ity Moy Mior)

+ 24(u§ufM200 + uﬁufMozo + uiuiMooz) + 96(uxuyufM1 10 + uxuiuzMwl + ufu_\,uzMo“) — 120u§u§u§. (ES)
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Relationships between central moments and cumulants are finally obtained discarding velocity dependent terms in the above
formulas:

Kooo = In(Mogo) = 0, Moo = exp(Kooo) = 1,

Kioo =1‘leoo+ux = Uy, AZloo = Kjpo —uy =0,

Koio = Moro + uy = uy, Moo = Koio — uy =0,

Koot =Mooy + u; = u, Moor = Koor — u; =0,

K0 = Az 2005 A:’j 200 = K20,

Ko2o = Moo, Moo = Koo,

Kooz = Moo, Mooz = Kooa,

K10 = Mo, Mo = Ko,

Kior = Mo, Mio1 = Kior,

Ko = Moy, Mo11 = Ko,

Koo = AZ210, 1\21210 = K10,

Kaor = Moo, Maor = Ko,

K120 = Mo, Mi20 = Kizo,

Koa1 = Moo, Moa1 = Koo,

K02 = M2, M2 = Kioa,

Koiz = Mo, Moz = Koz,

K1 =My, My = Ky,

Ko = Mzzo - MzooMozo - 2M110, Mzzo = K0 + Ka00Koo + 2K,

Ko = ]‘szoz - %200%002 2M101, M202 = Kooz + Ka00Koo2 + 2K3y;.

Kooz = Moz — MoaoMooz — 2M01]7 Mozz = Ko + KooKoo» + 2K3,,

Ko = Mo — MaooMor1 — 21\:[1101[1101, Afzn Ko11 + Kz00Ko11 + 2K110K101,

Kiar = Mia1 — MooMior — 2M110Mons, Mz = Kia1 + KoooKior + 2Ki10Kon,

K = M112 - M002M110 - 2M101M011s M1z = Kiiz + Koo Ko + 2Ki01 Ko,

K» = M221 - M201M020 — Molezoo — 2My10Moy Mao1 = Kop1 + Ka01Ko20 + Ko21Ko00 + 2K210Ko11
—2M120M101 4M111M110, N +2K120K101 + 4K111 K110,

Ky = M212 - M210M002 M012M200 — 2Mog Moy M>12 = K>12 + K210Ko002 + Ko12K200 + 2K201 Ko
—2M102M110 - 4M111M101, N +2K100K110 + 4Ki111 K01,

Kz = M122 - M120M002 M102M020 — 2Moy Moy M = K12 + Ki120Ko02 + Ki102Ko20 + 2K021 K101
—2Mo12M,19 — 4M,11 Moy, +2Ko12K110 + 4K111Ko11,

Kapy = Moy — (1\7 2201\71002 + 1‘712021‘7020 + 1\710221‘71200) My = Koz + KanoKoos + Kao2Kooo + KonaKaoo
—4(M211M011 + M121M101 + M112M110) +4(Ka11Ko11 + K121K101 + K112K110)
—2(M10Moy> + M201M021 + MyooM,0) — 4M111 +2(K210Ko12 + K201 K1 + Ki2oKi02) + 4K7,
+4(Af1v2001‘£011 ‘L‘M020Mw] +~M002~M110) +2(K200K(%11 + K020K1201 + K002K1210)
+16M110M101Mo11 + 2MooaMo2oMa00, +8K110K101Ko11 + Koo2Ko20K200- (E6)

APPENDIX F: LINEAR TRANSFORMATION MATRICES

This Appendix compiles all linear transformations allowing us to write the collision step in a matrix form in the context of
the D2Q9 velocity discretization, i.e.,

f* — feq + (I —M_ISM)qu,

where f*, f¢, and f"? are vectors composed of all nine post-collision, equilibrium, and nonequilibrium populations,
respectively. Starting with the set of orthogonal polynomials (39), it is explained how to compute M and M~! from a general
point of view [26]. This allows a straightforward extension to any kind of lattice, in either 2D or 3D. These linear transformation
matrices (LTMs) are then given for RM, HM, CM, and CHM frameworks. For the last two, the concept of shifting matrices is
used to move from the reference frame at rest to the comoving one [44]. Eventually, these matrices are provided in the context of
the Gauss-Hermite quadrature on which regularized collision models are based. Hereafter, the single index i is used to describe
each discrete velocity &; and its related population f;.
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1. Construction of LTMs
Let us start with the orthogonal basis proposed by Lallemand and Luo [26],

(Mpv M.iw ijv M., Mpm Mpxyv qu qu, Ms)v
where each of its component are defined as

My=1, M =6&. M,=8&, M=-4+35,+8&) M, =& &, M, =&,

iy’

qu = [_5 + 3(‘55}5 + Ei?y)]siw M%‘ = [_5 + 3(‘§i?x + ‘gi?y)]é:iq)" M, =4-— %(Etzx + s12\) + %( i?x + si%y)z'

Due to the aliasing defect of the D2Q9 lattice (£}, = &, and &}, = &), M, M,,, and M,, can further be simplified into

My, = [-2+4362 Jaix. M, =[-2+362 06, M.=4—6(e +E.)+ 96L&

One can see that the ordering of polynomials proposed here is different from the one introduced in the original paper. The present
ordering is based on a progressive increase of the degree of each polynomial. Doing so, the comparison with other frameworks,
such as cascaded or regularized collision models, is simplified.

In addition, the standard ordering of discrete velocities is considered. In other words, velocities are gathered within several
groups depending on their norm, and they are then read “counterclockwise.” This leads to

M; =0 1 0 -1 0o 1 -1 -1 1),

M =0 0 1 0o -1 1 1 -1 -1 (FI)
The ordering of both sets of discrete velocities and moments is the first source of mistakes when deriving LTMs. It is then
of uttermost importance to check them before moving to the construction of M and M~1. In this work, chosen orderings are

described in Egs. (F1) and (39). While the LTM to change from populations to moments is derived replacing each &; by its value
in the chosen set of polynomials, its inverse is simply derived using standard linear algebra libraries. This eventually leads to

mM, 1 1 1 1 1 1 1 1 1
M;, o 1 0 -1 0 1 -1 -1 1
M 0 0 1 0 -1 1 1 -1 -1
M, -4 -1 -1 -1 -1 2 2 2 2
My,=|My. |=| 0 1 -1 1 -1 0 0 0 o0 |, (F2)
M,,, o 0o o o o0 1 -1 1 -1
M, 0o -2 0 2 0 1 -1 -1 1
M,, 0o 0 -2 0 2 1 1 -1 -1
LM | 4 2 —2 -2 -2 1 1 1 1
and
T4 0 0 -4 0 0 0 0 47
4 6 0 -1 9 0 -6 0 -2
4 0 6 -1 -9 0 0 -6 -2
4 -6 0 -1 9 0 6 0 -2
Mi}! = % 4 0 -6 -1 -9 0 0 6 -2 |, (F3)
4 6 6 2 0 9 3 1
4 -6 6 2 0 -9 -3 1
4 -6 -6 2 0 9 -3 -3 1
| 4 6 -6 2 0 -9 3 -3 1 |

where the subscript LL stands for the orthogonal basis proposed by Lallemand and Luo. The corresponding collision matrix is
diagonal, and it reads as Sy, = diag(0, 0, 0, ., w,, w,, ®,, vy, ©,). The collision frequency w, controls the relaxation of shear
related phenomena, whereas w, is related to the attenuation of acoustic waves. w, and w, further control the dissipation of third
and fourth order moments, respectively. The latter are usually considered as free parameters that can be tuned to increase the
stability of the LBM without impacting the resulting physics.
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2. Application to RM and HM frameworks

In the RM framework, monomials compose the polynomials basis

(L, &ixs Eiys &0 EDy Einbigs E0 &1y Einly ELED),

which is now nonorthogonal. Following the same steps as before, new LTMs are obtained. They read as
1 1 1 1 1 1 1 1 17 4 0 0—-4-4 0 0 0 47
0O 1 0-1 O 1-1-1 1 o 2 0 2 0 0 0-2-=-2
0o 01 0-1 1 1-1-1 0o 0 2 0 2 0-2 0-=-2
O 1 0o 1 0 1 1 1 1 110-2 0 2 0 0 0 2-2
Mgy=|0 0 1 0 1 1 1 1 1| and Mgy=-|0 0-2 0 2 0 2 0 -2 (F4)
000 00 1—-1 1-1 o 00 0 0 1 1 1 1
0O 0 0 0 0 1 1-1-1 o 0 0 0 0-1 1-1 1
0O 0 0 00 1-1-1 1 0o 0 0 0 0 1I-1-1 1
|10 0 0 0 0 1 1 1 1] |10 0 0 0 0-1-1 1 1]

In addition, the collision matrix can have two forms depending on the prerequisites of the reader. If one is not interested
in acoustically related phenomena, one can impose w,, = @, which leads to Sgm = diag(0, 0, 0, w,, w,, w,, w3, W3, W4).
Otherwise, the collision matrix is only block diagonal [46,59]

Srm = diag(0, 0, 0, C, w,, w3, @3, 4), (F5)

@y, 0, Wy, —Wy
C _ 2 2
Wy, =Wy oy, twy |*

2 2

with

For the HM framework, one can either use the above method to derive LTMs, or rely on relationships obtained for raw and
Hermite moments [Eqgs. (D1) and (D2)]. The second method was originally used to build matrices allowing the shift from raw
to central moments, and vice versa [44]. Hereafter, it will be employed to derive matrices allowing to link raw and Hermite
moments. To do so, one simply needs to rewrite relationships between both kinds of moment in the form of a row-column
product. As an example,

Az = My — (Mo + M) + Moo = [C? 00 —c2 —c2000 1][Moo Mo Moy My May Moz My Mys Mx]"

and
My, = Ay + 2 (Asg + Ap) + Ao = [c} 00 ¢ ¢ 000 1][Ago Aig Aoi A1t Az Apx Axi Ay Anl”.
Eventually,
1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0]
0 1 0 0 00 0 0 0 0O 1 0 0 0 0 0 0 O
0 0 1 0 00 0 0 0 0O 0 1 0 0 0 0 0 0
2 0 0 1 0 0 0 0 0 ¢ 0 0 1 0 0 0 0 0
Bryi = | —¢? 0 0 0 1 0 0 0 0| and BRi=|c2 0 0 0 1 0 0 O Of,
0 0 0 0 01 0 0 0 0O 0 0 0 0 1 0 0 0
0 0 - 0 0 0 1 0 0 0 0 ¢2 0 0 0 1 00
0 ¢ 0 0 00 0 1 0 02 0 0 0 0 0 1 0
L o 0 0 -2 —¢2 0 0 0 1] ¢t 0 0 2 ¢ 0 0 0 1]
(Fe)

where BRy and BRA; = (BEM)™! allow us to move from raw to Hermite moments, and vice versa. The lower triangular form
of these matrices translates the dependency of high order Hermite moments with respect to lower order raw moments and
conversely.

Post-collision populations are finally obtained through

ff=ra+(1- M}_III\/[SHMMHM)fngq
with Mym = BgMMRM and M}_nlw = (BgMMRM)_ MRMB av- Once again, Syv is diagonal if one assumes w,, = w,, and
block diagonal otherwise.

3. Change of reference frame

To derive LTMs corresponding to the CM framework, one starts from matrices relating populations to raw moments (F4).
Then, one further uses shifting matrices to move from raw to central moments. These shifting matrices are obtained thanks
to relationships compiled in Egs. (D3) and (D4). One must be careful and use binomial formulas where zeroth and first order
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moments are not replaced by their values, i.e., My = 1\700 =1, My =u,, M 10 = 0, etc. As an example,
~ 2 2 2 2 2.2
My, = M5, — 2uyM21 —2u,M + MyMzo + I/txM()z + 4uxuyM11 - 2MXM)VM01 — 2uxuyM10 + thbtyM()o

= [ufu)z, —2uxu§ —2u§uy u§ u)zc ducuy, —2u, — 2u, l][MO() My Moy Myy Myy My My My, M22]T,

and
My = Mgz + 21@-1‘721 + ZMXMQ + uilqzo + M)Z(M()z + 4uxuy117111 + 2u§uy11701 + ZMXM)Z,A’Z]() + M)Zruyz.lqoo
= [u)zcui 2uxu§ 2u)2€uy I/t)z, M)zC 4uxuy 2uy 2ux 1][1\7()0 Ml() Mo] M]] Mzo MOQ Mz] M]z MQQ]T.

By rewriting zeroth through third order moment in the same spirit, one ends up with the following shifting matrices:

1 0 0 0 0 0 0 0 07
—uy 1 0 0 0 0 0 0 0
—lty 0 1 0 0 0 0 0 0
ui —2u, 0 1 0 0 0 0 0
BM=| u 0 —2u, 0 1 0 0 0 0], (F7)
Uity —Uy —Uy 0 0 1 0 0 0
—uluy,  2uyuy u? -u, 0 —2u, 1 0 0
—uxui u}2 2uuy 0 —uy  —2u, 0 1 0
| uiu}z —2uxu)2, —2u§uV u)z ufr ducuy  —2u, —2u, 1
! 0 0 0O O 0 0 0 O]
Uy 1 0 0 O 0 0 0 0
uy 0 1 0 O 0 0 0 0
uﬁ 2u, 0 1 0 0 0 0 0
BEM — (Blg%)_l — M% 0 2uy 0 1 0 0 0 0 (FS)
Uyl iy Uy 0 O 1 0 0o O
u%uy 2uuy uf u, 0 2u, 1 0o 0
uxu§ u}2 2ucuy, 0wy 2uy 0 1 0
_u%u% 2uxu$ 2u)26uy u% u)zc 4wy 2uy 2w, 1

LTMs for the CM framework then read as
Mcy =B IC;MM RM,
and
Mgy = MruBey:
To derive the LTMs for the CHM framework, one simply needs to start from M ¢y and M (_:1{/1 and then to switch from CMs to

CHMs. The latter transformation can be done using
CHM HM CM RM
Beyw = Brwms  Beam = Buws
since relationships between RMs and HMs are the same as those between their counterparts in the comoving reference frame.
Hence,

CHM
Mcam = By Mcowm,
and
1 _ ag—1 pCM
Mepm = McmBcam-

APPENDIX G: D3Q27 AND D3Q19 FORMULATIONS OF POPULATIONS

This Appendix is dedicated to the derivation of 3D populations for raw, Hermite, central, and central Hermite moments. They
are obtained enforcing the isotropy of f; up to the second order (in each direction),
1Dy 71Dy s1D 3D 743D j 3D
Mp Mq Mr = MpOOMOqOMOOr = MP‘]V’
with (p, g, r) € {0, 1, 2}3. This isotropy condition is valid for all kinds of moments considered hereafter, with the exception of
post-collision cumulants due to their nonlinear relationship with central moments.
Assuming that (o, A, §) € {£1}°, populations evolving in the raw moment space read as

f%.0) = pI1 = Mago — Moo — Mooz + Mag + Mooy + Moxz — Moo, (Gla)
P
(}2\6,0) = E[me + Moy — o Mizo — oMy — Myg — Mooy + oMy + Mao], (G1b)
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0

fo 5.0) = 5[)»'@ + Mozo — AM>10 — AMo12 — Mg — Moo + AMa12 + Maos], (Gle)
f(o 0.5) = g[&tz + Mooz — dMao1 — SMoa1 — Maga — Mooz + M1 + Man], (G1d)
fa o) = g[a)\Mll() + AM>1o + oMz + Mg — 0 AM 112 — AM>o1p — o M2 — Mo, (Gle)
fg 0.5 = %[05M101 + Mao1 + oMoy + Moy — 08Min1 — M1 — oMz — Mo, (G11)
f(o 8 = %[MMOH + 8Mo21 + AMo12 + Mooz — ASMa1y — 8Mapy — AMa1n — Maos, (Glg)
f(r W8) = §[015M111 + ASMa1 + 08Myp1 + 0 AM i1 + SMany + AMo1s + oMy + Mop], (G1h)

whereas in the case of Hermite moments they read as

Vit 0.0.0) = = p[C? — C*Ayp0 — C*Agao — C*Agoy + CAxzg + CArpy + CAgay — Apol, (G2a)

e = 7 [C2 (¢ + oux) + C*Azoo — €;CApo — ¢;CAgoz — 0CApg — 0CAgp — CAzyg — CAnp + ;Ao + 0 A1 + Ana .,
(G2b)

ﬂ%‘}\f,o) = g[Cz (C? + )»My) — c2CAspp + C*Agao — c2CAgpy — MCAz1g — ACAg1a — CAzzp + c2Azpy — CAgaa + AAzpn + A222]7
(G2c)

ﬂ‘é%‘,g) = g[Cz (Cf + du;) — c2CAyp — c*CAgo + C*Agoa — 8CA1 — 8CAqa1 + ¢2Axag — CAngy — CAga + 842 + A,

(G24d)

Pro~r2 2 2 4 2
fa 2.0) = Z[CSC(CS +ou, + )»My) +oACA o + CSCAz()() + C‘YCA()z() — CSAOOZ + ACAs 10 + 0CA 9 — (TCSAl()z

—ciAgi2 — 0AA 1 + CAxg — i A — CiAmy — Mo — 0 A1 — A, (G2e)
f(a 0.5) = %[CSZC(CS2 +ou, + 5uz) + 08CA 01 + ¢2CAngo — cFAg + c2CAony + 8CA1 — 8c2Agar — o c?Ain

+0CAp — 08A121 — 2 Ax + CAxy — Ao — 8Ay) — oA — A, (G2f)
f(O s = %[C?C(C? + )lely + 5141) + A8CAp1 — C?Azo() + C?CA()Z() + C?CA()OQ — )chAzlo — 80314201 + §CApy;

+ ACAg12 — A8Aa11 — 2Ayg — Az + CAoyy — 8Ax) — Mgy — A, (G2g)
oMy = g[cg‘(ci + oty + Aty + 8u) + ¢} (0 AA110 + 08A101 + A8A011) + ¢ (Az00 + Anzo + Aon2) + TASA

+ 2 (M1 + 8Ag01 + 8Ag1 + 0A10 + 0A 02 + Ao12) + ASA21 + 08A 1 + oA

+¢2 (A0 + Asox + Ao) + 8Ax1 + Ao1n + 0 A1 + A, (G2h)

with C = 1 — ¢2. It is interesting to note that f™ reduce to f*M imposing c¢; = 0 in the above formulas. This is due to the fact
that H; j4r = §; ’ & 1 ,&i. when terms proportional to ¢, are discarded in the definition of Hermite polynomials. In the CM space,
one obtains

f(cof\(/)[,o) = plUUU, + 4btxMyUz1\7111o + 4MnyMz1‘71101 + 4UxuyuzM011 - UyUzM200 — UU. Mo

— UnyIVIooz — 8uxuyuzll71111 + 2quZ1l71210 + 2Uyuzll7[201 + 2Uqu1\7021 + 2uXUZA71120 + 2uny1\71102

+ 2UxuyM012 - 4“}1“11‘72]1 — duu My — 4quyﬁ7112 + UMy + L’):Mzoz + UMy — 2u M,

— 214_#%12 — 2u, M5 — M), (G3a)
f(g 0.0) = [MXO'XU),UZ — 202xquZA7110 — ZGhUyuZMwl + 4uxoxuyuzlqon + U),Uzlqzoo — uXaXUzlqozo

- MxeUyIVIooz + 402xuyuz1‘71111 - 2quzﬁ71210 - 2Uyuzﬁ71201 + 2u,0uMog1 — 02, UMy

- U2nyA71102 + ZMxeMyMou + 4My1411‘7211 + ZUZXMZMIZI + 202xuyM112 - Uzﬁzzo — UyMZOZ

+ w0, Mo + ZMZMM] + 2My1\7212 + 00 M2y + M), (G3b)
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CM
f(o,x,()) =

CM
f(o,o,s) =

CM
f(a,A.O) =

CM
f(a,o,a) =

CM
0.4,8) —

CM
f(a,k.ﬁ) =

p ~ ~ ~ ~ ~
E[Uxuy)"yUz - 2ux)\2yUzM110 + 4uxuy)\yuzM101 - ZUX)\Z)/MZMOII - uy)‘yUzMZOO + U UM
— Uxuy)LyM002 + 4ux)L2yulell - )LZyUzMZIO + 214y)hyuz/‘7201 — 2Uu, Moy — 2u, UM

+ zuxuy)»yfvfloz - Ux)»zyﬁou + 2)»2yblz]‘7i211 + duu My + 2Mx)»2yﬁ7f112 — U Ma + uy)"yMZOZ
— UMy + 2u-Myy; + kzyﬂzlz + 2u,M 2y + M),

,O ~ ~ ~ ~ ~
E[UnyMZSZ + 4”x”y“z81M11() - 2unyfSZijl()l - 2Uxuy62zM()ll - Uyuz(SzMZOO — U8 Mg
+ UnyMooz + 4Mx14y52z1‘71111 + 2My’4z5z1‘71210 — Uy 82, Mooy — UyS2:Mop1 + 2u,,8, M9

- 2Mny1‘71102 - 2Uxuyﬁ71012 + 2”}}8211‘7211 + 2,80, M1 + 4quy1‘71112 + 8. Moo — UyMZOZ
— UMy + 82 My + 2uy1\71212 + 2u, M3y + M),

IO ~ ~ ~ ~
Z[uxo—xuy)"yUz + 0'2x)\2yUzM110 - 2‘72)61'4y)"y’4z1‘41()l - zuxeAZy“zMOII + uy)‘yUzMZ()O

+ 1,0, U Mg — dexuy)»yﬁooz - 202x)»2yuz1‘71111 + )»2;~Uz1‘7[210 — 2uy)\yuz]‘7[201 — 2u,0,u, Mo,
+ 02U, My — szuy)»yﬂloz - fofx?uy]qmz - 2)»2yuz1‘7211 — 202, M2y — szkzyﬁ112

+ U, My — My)»y1\71202 — w0, Moy — 2u, Moy — )nzquzn — 0 M3y — M),

p ~ ~ ~ ~
Z[uxo—nyuzsz - ZGZxMy”zalelo + UZnySZZMlO] - 2M)cax’/‘y(()‘Zz]MOll + Uy”zazMZOO

— 0,8, Moo + 10Uy Moy — 202,182, M1y — 2uy14:8. Moo + Uy 82, Mog1 — 14,0,82. Mooy
— oot 8, My + szUmez - ZuxaxuyMOIZ - 2“)*8211q211 — 02,82 M121 — ZO-ZXMyMIIZ

— 8. Mo + nyqzoz — U0 Moy — 82:May — 2M}=M212 — 00 M3y — M),

p ~ ~ ~ ~
Z[Uxuy)‘yuzgz — 2u Aoyt 8. Mi10 — 2uxityhy82.Mio1 + UrhoySo: Mot — ttyhytt;6.Mopo

+ Uty 8, Moz + Uxuy)\yMOOZ - 2Mx)»2y52z1‘71 11 — szuztszA%m - uy)»y52z1‘71201 + U2 Mooy

— 2uu,8, M0 — 2quy)»y1‘71102 + Ux)»zmez - )\2)‘821M211 — 2,8y My — 2”)5)"2)11‘7112
—u,8. My — My)»yﬁzoz + UMoyy — 82:May) — )\ZyMZIZ — 2u, My — M),

p ~ ~ ~ ~
g[uxo—xuy)‘yuzaz + 02 Aoy 6. M0 + 0oty Ay 82 Mg + U O Aoy82. Mor1 + uyhyu, 8, Moy

+ 1,01, Moo + 01ty Ay Moo + 0202y 82, M1 11+ Aoyt 8. Mo 4 1y Ay 82, Moy

+ 10,80 Mop1 + 0,148 M 120 + Gquy)\yMIOZ + fofxlzyfqmz + )\2y82z1q211 + 02,82 M1

+ UZx)\ZyMIIZ + .8, Mao + My)"yMZOZ + 1,0, Moo + 82, Moy + )»2y1\71212 + 02 Mz + Mon],

(G3c)

(G3d)

(G3e)

(G3f)

(G3p)

(G3h)

with U, = 1 —uf,Uy =1 —14§,UZ =1 —uf,ax =0+ U, 00 =0 +2uU, by = A+ Uy, Ayy = A+ 21,8, =06 +u;, 5, =5 +
2u,. Discarding velocity dependent terms in fiCM allows us to recover the definitions of fXM. This is another simple way that
permits to easily check the validity of the above formulas. In the CHM framework, populations read as

f(((:),l?){vé) = p[C.C,C; + 4(uxuyczgl 10+ MnyuzX 101 + CxuyuzAVO] 1) — CyCzXZOO — C.CApp — CxC\:gooz

- Suxuyuz;lll + 2(MyCzX210 + CyuzXZOI + CotzAgy) + u,C.A 5 + chyzloz + CxquOIZ)

- 4(MyMzA~211 + wa A + quygnz) + C.Ano + Cy’AVZOZ + CiAg — 2uAn — 2MyA~212 —2uA 1 — Agpl, (Gda)

)O ~ ~ ~ ~ ~ ~
f000) = 51GC:Co = 200u,CArio — 202 CyttzAon + 4Co tyt:Aont + CyCeAano = CoCArn = CoCronn

+ 402xuyuzgl 1= 2MyCzX210 - 2Cyuzgzol + 2C, Ay — 02,C.A 120 — UZnyAVIOZ + 2CaMyX012 + 4uyuzg2]l

+ 200,10 A 121 + Zszuygnz — C Ay — CyX202 + CoAn + 2u,Any + Zuy;212 + oA + Aunl,

p ~ ~ ~ ~ ~ ~
fonh = E[CszCx = 2uy Aoy C:Ar10 + 4 CouzAvor — 2ChayuzAgr — CoCrAz0 + CeCApo — CGrAon

+ 4ux)\2yuzgl T )‘-ZyCzXZIO + 2C,u:An — 2Ceut-Ay1 — 2u,C.A 120 + 2u,CrA 10y — Cx)‘-ZyXOIZ + 2)\-2)'1412211

+ 4quzglzl + zux)‘-Zygl 12— ngzzo + CrAzn — Clhom + 2“11’&22] + )\-ZyX212 + 2u,A 2 + Axnl,
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IO ~ ~ ~ ~ ~ ~

S0 = FICCCs + duan Csig = 2uCydnzAror = 2Caty82:Aont — CCsAzon = CCoon + CeCron:
+ 4Mx14}v52z;111 + 2u,CsAz10 — Cy(SZZXZOI — G2 A1 + 2u,CsA10 — 2u,CyA 100 — ZCxMyZou + 214y52zZ211
+2u, 85, A1) + 4quyg112 + CsAnp — CyXZOZ — iAo + 82, An1 + 2”});212 + 2u, A1 + Axml, (G4d)
p ~ ~ ~ ~ ~ ~

f(?lxl\,/[o) = Z[CzCaC/\ + 02:A0yC A 110 — 202 CoutzA 101 — 2C5 AayuAgr1 + Cr.C A0 + CoCAp20 — C5 CrAop2
- 202x)»2yuzgl 1+ )‘-2yCzAv2]0 — 2Cut-Ar — 2C,uAm) + 02C.A 120 — 02, CrA 107 — Cn)»zygmz - 2)‘-2yuzg2]l
— 200,uA 1) — sz)nzyxuz + C.Ayo — G Ay — CoAgy — 2u.Ax) — )\2y;212 — o2 A1 — A, (Gde)
IO ~ ~ ~ ~ ~ ~

ﬂg%%) = Z[CyCaCS — 202, uyCsA110 + 02:Cy82;A 101 — 2C5uyd2:A011 + CyCsAo0 — Co CsAn2o + Co CyApn2
- 20—2xuy821gl]l - 2MyCaAV210 + Cy82zg20] — Cob2: A1 — 02, CsA 120 + UZnyK]02 —2C, MyA~012 - 2My52z12\v2|1
— 00,80, A 101 — 202);qu112 — CsAyp + CyKZOZ — C,Agm — 82:An — 2qu2]2 — o2 A — A, (G41)
p ~ ~ ~ ~ ~ ~

f(co,}f,\g) = Z[CxCACB = 2u Aoy CsA110 — 2u,C).82:A101 + CrAoyda:Aor1 — Ci.CsAoo + CiCsAgao + CCrAon
— 2uhay$2.A111 — AayCsAnig — Crda.Angt + CedacAmy — 2u,CsA1ag — 2u,Ci A1y + CehayAorn — Aayda,Any
— 2u,80, A1) — 2ux)\'2ygl 12 — CsAzz0 — CrAo + Colgny — 82,401 — )‘-Zyg2l2 — 2u, A1 — Ay, (G4g)
p ~ ~ ~ ~ ~ ~

o = g[CaCxCa + 02:22yCsA 110 + 02:Ci.82:A101 + CoAay82:A011 + CCsAng + Co CsAo2o + Co CrAvo2
+ O—ZX)\Zy‘SZZAVIII + )VZyCBAVZIO + C82:A001 + Co82.A001 + 02, CsA120 + 02,CrA 00 + Ca)»zygmz + )»2y52zA~211
+ 0282, A101 + sz)tzygl 12 + CsAno + CrA + CoAony + 82.A001 + )\ZyAv2l2 + 001 + Axnl, (G4h)

with
2 Co = +u(o +uy),

2
s
Mh=A+4u, Aiy=r+2u, C=1—c—u2, C=c?+u,(r+u)), (G5)
;=8 +u, 8=8+2u, C=1-ct—u?, Ci=c+u, s +uy).

oy=0+u, oy=0+4+2u, C,=1-—c

Here, if one neglects c; dependent terms, the definition of fiCM is recovered. On the contrary, discarding velocity dependent terms
leads to the definition of f™. Eventually, neglecting both kinds of terms allows us to recover the definition of f*M. Regarding
regularized LBMs, their populations are exactly the same as those expressed within the HM framework, where third and higher
order nonequilibrium contributions are either discarded or computed recursively. For the K-LBM, one simply needs to replace
central moments of order n > 4 in fiCM using corresponding formulas detailed in Eq. (E6).

In the particular case of the D3Q19 velocity discretization, the easiest way to derive populations is to start from their D3Q27
counterparts and then to neglect moments that are not compliant with this lattice. One further needs to choose to either rely
on the Gauss-Hermite formalism or not since this choice directly impacts the form of the equilibrium state [see Appendix H
and more specifically Eqgs. (H14)-(H20) and (H21)—(H27)]. Once this is done, one simply needs to use relationships derived in
Appendix E to switch from one framework to another one. Taking the example of ffM [Eq. (G1)], one needs to discard M,
M211, M121, M1 125 M221, M212, M112, M222 as explained in Sec. VI B. This leads to

ﬂ%%:819 = p[1 = Mago — Mozo — Mooz + Mazo + Maoz + Mox2], (G6a)
f:;%:%lg = g[aux + Moy — oMi20 — oMz — Mo — Mol (G6b)
JC(%XIZ(%IQ = g[)»lly + Mozo — AM>10 — AMo12 — Mg — M22], (G6c)
f(%%;?)” = g[fsuz + Moo, — SMao1 — 6Mop1 — Mooy — Moz ], (G6d)
]C(ljrl,\/ilg)lg = E[OAMIIO + AM>10 + o M1z + My, (G6e)
s = 2[051‘/[101 + My + oMy + Myg], (G6f)
f(lé,hf;%lg = E[MMOU + 8Moa1 + AMo12 + Moo ], (G6g)
Fons) =0. (G6h)
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One can notice that populations corresponding to discrete velocities (£1, 1, 1) are null. This confirms the validity of the
proposed choice of raw moments. Replacing raw moments by their Hermite counterpart further results in

3
f(gf‘g:(%") =p[(1 —¢})” + ¢ — Ca(Ago2 + Ao + Ason) + Aoz + Asen + Az . (G7a)
0
f}fféj(%‘g = E[Cz (2 + ouy) + CrAngy — 2 Ag0 — Aoz — 0 (A1zg + A1g2) — Asgp — A (G7b)
0
fore = E[CZ (5 + huy) = A0 + CrAg0 — ¢F Aoz — A(Az10 + Aoi2) — Az — Axo], (G7¢)
0
foos = E[CZ (€5 + Suz) — 7 A0 — 7 A0 + CrAnn — 8(Aso1 + Aoar) — Aoz — Ason], (G7d)
0
f(lf,\ﬁ:oQ)lg = Z[Cf (c7 + oux + Auy) + ¢ (Azo0 + Aoxo) + Ao A110 + AAz1o + 0 A1 + Az, (GT7e)
HM, Q19 _ Pr 2/ 2 2
oo = Z[C‘y (Cs +ou, + 8u) + ¢;(A200 + Ago2) + 80 A 101 + 8A201 + 0A102 +A202], (G71)
HM.Q19 _ P12/ 2 >
f(O,A,B) = Z[CJ (CS + Auy + (SMZ) + ¢ (Ao 4+ Aoo2) + XA + A1 + AAorr + Aogz], (G7g)

withC, =1 — 2cf,. For the CM framework, populations read as
FMRY — HTU U, + udulu? — Uy.Mogy — Ue:Mong — UpyMooy + 4, M M M,
0.0.0) = :0[ UU: + wuiu; yzM200 xzM 020 Mooz + 4(uuyMi1o + ueu Moy + uyi;Mo11)
+ 2y Moo + u; Moo + u;Mopy + M 20 + wMygn + 16, Mo12) + Masg + Mags + Mozz], (G8a)
cMQio_ P M M, M, 2 M M 2u,M
feo0) = E[uxeUyz + Uy:Maoo — ux0:Mozo — ux0xMooa — 202 (uyM10 + u:Mio1) — 2uyMa10
— 2u, Moo — 02 Mizg — 020, Migy — Mang — Mo ], (G8b)
MO _ P 3 Use — ttyhoy Moo + Uy, doyMos — 20, (b i it
foso = E[uy yUrz — uyhyMooo + Uy Mono — uydyMooy — 20y (uxMi10 + uMo11) — AoyMoig
— 2u Mooy — 2u My — )\ZyMOIZ — Mo — Mo, (G8c)

p ~ ~ ~ ~ ~ ~
f(%f‘é;g” = E[quzny — u;8; Mooy — u;6: Moo + UxyMooz — 282, (uxMi01 + uyMo11) — 82:Ma01

— 80 Mop1 — 2u Moy — ZMyM()IZ — Moy, — Mo, (G8d)
cM,Q19 __ P ~ ~ ~ ~ ~ ~
Jfeoio) = Z[quyax)»y + o2 doyMi1o + uydy Mooy + oMo + AoyMa10 + 02M120 + M2o], (G8e)
cMQ19 _ P ~ ~ ~ ~ ~ ~
fons = Z[”xuzaxgz + 0282 M101 + U8 Moo + 10 Mooz + 82:Mao1 + 02 M102 + Ma2], (G8f)
CM,Q19 __ P ~ ~ ~ ~ ~ ~
fois = Z[Myuz/\y5z + Aoybo: Mot + u;8:Mozo + uyAy Mooz + 82. M1 + AoyMo1o + Mooz ], (G8g)

where Uy, = 1 —uf —u3, Uy, = 1 —uf — uZ, and Uy, = 1 — u} — uZ. To derive populations corresponding to the K-LBM, one

simply needs to replace 1‘71220, 1\71202, and 1\7022 by their cumulant counterparts using Eq. (E6). Eventually, populations defined in
the CHM framework are

f(%,}({)l,\?)}w = p[C:CyC; + cxcye; — CyArgn — CApno — CryAonr + 4(usttyAv1o + uxu-Aror + uyAorr)
+ 2(uyAs10 + uAnor + A + urAiog + uiAin + uyAoin) + Axg + Asgn + Apal, (GY%a)
o - - ~ - - - ~

f(,C,I,-%)ng = E[Cocyz + CyA200 — CoAno — CoAonz — 202, (uyAr10 + uAr01) — 2uyAd10 — 2u Az
— 02 A 120 — 02 A 100 — Anao — Anonl, (G9Db)

CHM,Q19 _ P ¥ = = ~ ~ ~ ~

foro = E[C,\sz — CiAa00 + CizAoo — CrAooa — 2A2y(uxAr10 + u-Ao11) — AayAzi0 — 2uAp21
—2uA 120 — hayAoia — Az — Agal, (G9c)
o ~ - ~ - - - ~

f (CO%%}QIQ = E[Cﬁcxy — CsAz00 — CsApo + CryAoor — 282, (uxAto1 + tyAo11) — 82:A201 — 82:A021
—2u,Avon — 2uyAg1n — Ason — Aoal, (G9d)
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0 - - - ~ ~ ~
fomol? = 71Co G+ Cudaoo + CoAooo + 02hapAii0 + AoyAzio + 0204120 + Azl (GYe)
0 - - - ~ - -
foos = 71CoCs 4 CoAaoo + CoAony + 02:02:A101 + d2:Az01 + 02cA 102 + Ao, (G9f)
CHM.Q19 __ P T T T T T T
foa.8) = Z[CACS + CsApz0 + CrAooz + Aayd2:Ao11 + 82:A021 + A2yAorn + Aol (G99)
with
cxch—i—u)zc, szl—cf—u)zc, Cy=1 —ZCf—ui—uf, Cg=c32+ux(a+ux), 02 = 0 + 2u,,
o=c+u, C=l-c—-ul, Co=1-2¢—uj—u2, C=c+u+u) Ary=xr+2u, (GI0)
czch—i—uf, szl—cf—ug, G, =1 —2C?—u§—u§, Cs =cf+uz(8 + u;), 82, = 6 + 2u,.

If one chooses to start from the Gauss-Hermite formalism, then populations read as

N

GH,Q19 P .

f(,',j,/g = W, jk) Z mqur : Hi,[)qra (G11)
n=0 """

withn = p + g + r. Itis preferred here torely on A ,,, instead of a,,;,, = pA , to ease the change of framework through formulas

compiled in Appendix E. From this, it is clear that the D3Q19 formulation of both regularization steps is based on the following

populations:

3 9
ffé,‘é‘,%‘g = g[l - E(Azoo + Ao + Aoo2) + Z(Azzo + A2 + Aozz)}, (G12a)
ano _ P[5 3 2200 — Aoz — A 2 (A + A 2 QA + 2400 — A G12b
J0.0.0) 3 + 3ou; + z( 200 — Ao20 — Aoo2) — EU( 120 +A102) — Z( 220 + 2A202 — Ap22) |, ( )
auoo _ P [ 3 9 9
Jfox0 = T 1+ 3Auy, + §(2A020 — Az — Aoo2) — E)»(Ano + Ap12) — Z(ZAzzo + 2A022 — Axn) |, (G120)
augo _ P [ 3 9 9
foos = I 1+ 38u; + §(2A002 — A0 — Ao20) — 53(14201 + A1) — Z(2A202 + 2A002 — A220) | (G12d)
aiow _ P [y 3 A 3 oA 24020 — A 90 AA 2 A 20A A 2A
foro = 36 + 3(ouy + Auy) + 5( 200 + 2A00 — Aon2) + 9o AA 10 + 5( 210 + 20A 120 — 0Ajp2 — AAg12)
9
+ 5(2A220 —Acpp — Aozz)}, (G12e)

0 3 9
f(g%?)lg = %[1 + 3(ouy + du;) + E(ZAzoo + 2A002 — Ao2o) + 90 8A 101 + 5(251‘\201 +20A1020 — 0A120 — 8A021)

9
+ 5(2A202 —Axno — Aozz)} (G12f)

3 9
f(gi%lg = %[1 + 3(huy + duy) + E(ZAozo + 2A002 — A200) + IA8A011 + 5(2514021 + 2XA012 — AAz10 — 8A201)

9
+ 5(2A022 —Axno — Azoz)}, (G12g)

where both the lattice constant and the weights have been replaced by their values (Table II). Depending on the way A},,? will be
computed, Eq. (G12) will either lead to the PR (A}, = A, — A}L,) or to the RR [A};} = A‘E,Iq), computed via Eq. (90)] collision
models.

One can see that fl.l'lM’ng and fiGH’Q19 lead to two families of LBMs that are based on two different kinds of equilibrium states
(see Appendix H). The origin of this mismatch comes from (1) the weights which differ between the D3Q19 and the D3Q27
lattices, and (2) the difference between high order contributions that are discarded. The former point is crystal clear when one
looks at the values of the weights (see Table II). Regarding the latter point, it flows from the fact that when neglecting M5, in the
unweighted formalism, then it affects, for example, Ay, and all other even Hermite moments (429, A200, Aooo, and their cyclic
permutations). On the contrary, only the contribution of Aj), is discarded in the Gauss-Hermite formalism. The same reasoning
applies to all moments that are neglected when moving from the D3Q27 formulation to the D3Q19 one.

What is interesting about these two families of LBMs is that one can derive new collision models by simply switching
from Ap, to the statistical quantity of interest. As an example, one could derive a new D3Q19-K-LBM based on either
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fl.HM’Q19 or fl.GH’ng by first moving from A, to Mp,,, then to Mpqr, and finally to K, using successively Eqs. (E1), (E2),
and (E6).

In the end, one may wonder what formalism should be preferred when it comes to the D3Q19 lattice. In fact, populations
obtained in the unweighted formalism (G6)—(G9) can be shown to be solutions of the problem (44). This leads to the recovery
of the proper set of 19 moments and, as a consequence, these models have the correct macroscopic behavior. On the contrary,
the present Gauss-Hermite formulation (G12) leads to spurious coupling between hydrodynamic and high order moments and,
a fortiori, to an improper macroscopic behavior. Indeed,

3

ZfiGH’QwHi,zoo = pAao — ZpAozz #* fszoodS, (G13a)
3

ZﬁGH’ngHi,ozo = pAoo — Z,OAzoz # /fHozodé, (G13b)
3

ZﬁGH’ngHi,ooz = pAgn — Z,OAzzo # ffHoozdé» (G13¢)

meaning the viscous stress tensor will depend on fourth order nonequilibrium moments. Further couplings can be observed
among third order moments

ZﬁGH’ngHi.zlo = pAzi0 — %,014012 # /szmdé, (Gl4a)
ZfiGH'Ql()Hi,zm = pA1 — %pAom #* /szold& (G14b)
iﬁGH’ngHi,ozl = pAp1 — %/)Azm #* /fHozldS, (Gl4c)
ZfiGH’ngHi,lzo = pAi — %,014102 # /lezodS, (G14d)
ZfiGH’QIgHi,loz = pAip2 — %,OAUO # /leozdf, (Gl4e)
ZﬁGH’ngHi,mz = pAoiz — %/014210 # /mezdé, (G14f)
and also fourth order moments
ZﬁGH’QIQHi,zzo = pAxny — E(PAzoz + pAo2) — ngoz # /szzodS, (G15a)
ZfiGH’ngHi,zoz = pAz — g(pz‘\zzo + pAp2) — %Aozo # /szosz, (G15b)
ZﬁGH’ngHi,ozz = pAon — g(PAzzo + pAa2) — %Azoo # /fHozzdé. (G15c¢)

These coupling defects are usually not encountered since, in most cases, the Hermite polynomial expansion is done up to the
second order for the D3Q19 lattice [59,106]. Nevertheless, a few authors have also proposed to include third order terms in its
equilibrium state to improve the macroscopic behavior of the resulting LBM [129,136,138].

There are several possibilities to deal with these spurious couplings. First, one can impose third and fourth order terms to
their equilibrium value, which leads to a PR collision model based on an extended equilibrium state. One then ends up with the
correct viscous stress tensor. The second option consists in discarding fourth order moments, and using orthogonal third order
Hermite polynomials [78,139]

(H;210 + Hi 012, Hi 201 + H; 021, Hi 120 + H; 102, Hi 210 — Hi 012, Hi 201 — Hi 021, Hi 120 — H; 102). (G16)

Equilibrating fourth order moments also works here. The last way to obtain a stable numerical scheme is to rely on a fully
orthogonal basis. By orthogonalizing fourth order Hermite polynomials with second order ones using the weighted scalar
product, the following formulas are derived:

H'$% = Hizo + (1/6)Hio02,  H%%, = Hino + (1/6)Hi 000, Hi3y = Hi 022 + (1/6)H; 200, (G17)

033305-41



COREIXAS, CHOPARD, AND LATT PHYSICAL REVIEW E 100, 033305 (2019)

with the superscript 402 standing for “order 4 orthogonal with respect to order 2.” By further orthogonalizing them between each
other, one obtains

HiDo=H'%0,  Hizy = Hi% + Q/DH D0, Hign = Hith + 2/DH Do + (2/5H] 555, (G18)
where the superscript FO means “fully orthogonal.” Eventually, by combining Eqgs. (G16) and (G18) with the second order
polynomial basis, the new D3Q19-GH formulation of the populations reads as

2

CH.QI9 L T L 3w H;on)(A A 3(H, H; 021)(A A
fi = w;p Z 1o Hiopar = Apar + @[ (Hi210 + Hi012)(A210 + Ao12) + 3(H; 201 + Hi.021)(A201 + Ao21)
n=0 " S

+ 3(H; 120 + H; 102)(A120 + At02) + (Hi 210 — Hi012)(A210 — Ao12) + (Hi 201 — H;021)(A201 — Ap21)

1
+ (Hioo = Hi102)(Ano = A102)] + 7 [(8/TIH; 5030 + (56/45)H; 204505 + (40/27>H§822A§§2]} (G19)

s

where Aig’r are Hermite polynomial coefficients corresponding to the fully orthogonal set of Hermite polynomials Hf 1(7)11"' Among
the three above-mentionned propositions, this last model was identified as the most stable one when coupled with the BGK
collision operator (all relaxation frequencies equal to w,).

APPENDIX H: EQUILIBRIUM DISTRIBUTION FUNCTIONS

This Appendix is dedicated to the equilibrium state recovered by all LBMs considered in this work. Starting from the one-
dimensional case, it was demonstrated that all LBMs recovered the following formulas (Sec. IV):

o' =p(C—u), (H1)
fo = g(c% +ou, + u)zc), (H2)

with C = (1 — cf). Since the continuous Maxwell-Boltzmann equilibrium distribution is by definition isotropic, it is further
proposed to enforce the isotropy of the discrete equilibrium state through the use of tensor product rules [92]. This D-dimensional
extension naturally leads to

fioy = p(C=1)(C =), (H3)
fidoy = 5(c + o+ 1) (C — ), (H4)
fa, = g(c —i2)( + haty + 1), (HS)
fa = g(cf +oug +12) (2 + duy + 1), (H6)
for the D2QO lattice, and
fo00 = P(C =) (C —uw)(C —u2), (H7)
felow = S(e +ou+u)(C = 2)(C — i), (H8)
fito = 5(€=)(e + 2, +122) (€ 12), (HO)
fidos = S(€ =) (C = )(2 + b, + 1), (H10)
fio = 5(S +ou 1) (4, +12)(C — ). (HI1)
Fiow = 5(e +ou+1)(C =) (e + Suc + 1), (HI12)
fos = %(C ;) (c3 + huy +163) (c3 + Su; + 12, (H13)
foos = B(c + ous 4 u3) (¢} + huy +103) (c3 + Su +1?), (H14)

for the D3Q27 velocity discretization. For all above formulas, it is considered that (o, A, §) = {£1}°.
Knowing that all models recover the same equilibrium state in the one-dimensional case, the above construction then ensures
that all LBMs also share the exact same equilibrium state for both two- and three-dimensional cases. In particular, this is true
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for models based on orthogonal bases (MRT and TRT), the regularized LBMs, and the K-LBM. For regularized LBMs, it is
explained by the fact that in the one-dimensional case, either solving Eq. (74) or using the Gauss-Hermite quadrature formulation
(64) leads to the very same formalism. Tensor product rules compiled in Egs. (68)—(70) allow us to extend the previous result
to both two- and three-dimensional cases. For cumulants, deviations with respect to the CM formalism can only come from
equilibrium cumulants of order n > 4, but they are null by definition if n > 3.

One must be careful regarding the equilibrium state derived in the case of the D3Q19 lattice. Indeed, if one starts from the
RM framework and discards equilibrium raw moments via instructions given in Sec. VI B, then one obtains the following type
of equilibrium state:

fioo = 2[1 — (2 + 1} +12) + 3(udul + wdu? +w2)]. (H15)
foaR %[1 +30u, + 302 — 12 — 1) — 90 (a2 + ua) — (2 + )], (H16)
R %[1 + 30ty + 3( = 1+ 2 — ) — ON(uy + uyii?) — (2 + uli)], (H17)
fear %[1 + 381, 4 3( — w2 — 12 + 1) — 98 (1u, + ) — (il + )], (H18)
foRM 3%[1 + 300Uy + hty) + 3(2 + ) + 90 bttty + 9 (2, + o) + 9], (H19)
faRt 3’16[1 + 3(oty + 8u2) + 3(2 + 12) + 90 Sugu, + 9(8uu. + ougd) + 9lu?], (H20)
foaRM 3ﬁ[1 +30uuty + 811) + 3(2 + 1) + DSuyu, + (5P, + hiuyii?) + 9Z?], (H21)

where the lattice constant has been replaced with its value ¢ = 1/ /3. Unfortunately, these equilibrium VDFs do not match
anymore those obtained through the Gauss-Hermite quadrature

. 3 9
f(o‘loG; = %I:l — z(uf + u§ + u?) + 4(u u + u u + uzuz)j|, (H22)
oGl L _1 + 30u, + g(2142 —u? - uz) — 2(7(u w+u uz) — 2(2142142 + 20t — uzuz) (H23)
(000)_18 £ 2 x y z 2 X%y X7z 4 x%y x7z ’
foan_ £ |+ 30, + E(2u2 —u? —u?) - gk(uzu +uyu?) — 2(2u2u2 + 2ulu? — uPi?) (H24)
(OAO)_IS y 2 y X z 2 x 7y Y7z 4 x%y vz x%z ’
oGl L _1 + 38u, + é(ZuZ —u’ - uz) — 28(u2u + ulu ) — 2(214 + 2u u — uzuz) (H25)
(005)_18 z 2 ¢4 X y 2 X"z vz 4 x%y
i 1 9
f(fffg = ?:% 1+ 3(ocu, + Auy) + 3(u)2( + uﬁ) — Eu? + 90 Auyu, + E(ZAM’%M"' + 20ux aux — Auyu )
9020 2.2 2.2
+ E(Zuxuy —uu; — uyuz) , (H26)
. 1 9
f(aq(?g = é%[l + 3(ou, + u;) + 3(u)2€ + u?) — Eu% + 90 Suu, + E(Z(Sufuz + 2oux — oucl } — du uz)

9
+ 5(214 u; — uzuy2 — ufu?):|, (H27)

e P 1 9
f(oqu(g =% |:1 + 3(Auy + Su;) + 3(u§ + uzz) - Eu)zc + OAduyu, + 7 (28u u; + 2Auy — a2 Uy — (Suiuz)

§(2u u; — uzuf uzuz)i| (H28)
where both the lattice constant and weights have been replaced with their value (Table II) to ease the comparison with f% RM,
From this, one obtains two different kinds of equilibrium states whose difference scales as O(u?). This means that these
equilibrium VDFs should lead to different results even for low Mach number flows. One can further expect that they will also
result in different linear stability domains for the D3Q19 lattice, as it was already confirmed for the D2Q9 lattice [70].
To conclude this study, let us briefly tackle the issue of equilibrium populations derived from the maximum entropy (ME)

principle [100]. The latter states that equilibrium populations are those which maximize (minimize) the entropy (H-function)
of the system. By solving this optimization problem under the constraint of local conservation laws (density, momentum, and
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energy in our case), one can recover the Maxwell-Boltzmann equilibrium distribution function, while further accounting for
all second order moments and the trace of the third order tensor leads to its Grad’s 13-moment version [99]. Following the
same methodology, equilibrium states derived from the ME principle were proposed in the context of LBM, in either an exact
[101,102,140] or approximated formulation [103,104]. Considering only exact formulas in the 1D case, the ME principle under
the constraint of density and momentum conservation leads to equilibrium VDFs of the form [101]

Ei X
2uy 1+3u2\"
fieq,ME = pwi(2 — /1 + 3u?) (M) i (H29)
1 —u,
while further including the conservation of isothermal (total) energy leads to [102,140]
§ix 52
3(1-E E + u, 2/Er —u2\™
f-eq’ME = pw; ( ) tu % ) (H30)
! 2 E —u, 1-E
with o = =£1. Interestingly, replacing w; and &; , by their value, one can rewrite Eq. (H30) as
KM =p(1=E), fNE = Lou, +E). (H31)

Further replacing the total energy by its isothermal definition in 1D 2F = u)% + ¢2), one then recovers the standard definition
(H1) and (H2), as already pointed out in previous works [92,140]. Such a result can easily be extended to both 2D and 3D
by applying the tensor product rules (68) and (69) to Eq. (H30). Hence, it is known for sure that equilibrium populations,
recovered by all collision models studied in this work, do satisfy the ME principle under the constraints of density, momentum,
and isothermal energy conservation, as far as the D1Q3, D2Q9, and D3Q27 velocity discretizations are concerned. Further
investigations are ongoing, regarding the case of the D3Q19 lattice, as well as the entropic equilibrium state [Eq. (H29)] that
leads to a new family of collision models. Corresponding results will be presented elsewhere.

[1] E. Manoha and B. Caruelle, in Proceedings of the 2l1st
AIAA/CEAS Aeroacoustics Conference, Dallas, TX, AIAA
Paper 2015-2846 (AIAA, Reston, VA, 2015).

[2] C. L. Rumsey, J. P. Slotnick, and A. J. Sclafani, J. Aircraft 56,
621 (2018).

[3] S. Succi, The Lattice Boltzmann Equation: For Complex States
of Flowing Matter (Oxford University Press, Oxford, UK,
2018).

[4] D. Ricot, S. Marié, P. Sagaut, and C. Bailly, J. Comput. Phys.
228, 4478 (2009).

[5] S. Marié and X. Gloerfelt, J. Comput. Phys. 333, 212 (2017).

[6] P. Sagaut, Large Eddy Simulation for Incompressible Flows:
An Introduction (Springer, Berlin, 2006).

[7] P. Sagaut, Comput. Math. Appl. 59, 2194 (2010).

[8] I. V. Karlin, A. N. Gorban, S. Succi, and V. Boffi, Phys. Rev.
Lett. 81, 6 (1998).

[9] B. M. Boghosian, J. Yepez, P. V. Coveney, and A. Wager,
Proc. R. Soc. A 457, 717 (2001).

[10] O. Malaspinas, M. Deville, and B. Chopard, Phys. Rev. E 78,
066705 (2008).

[11] M. Hamdi, S. Elalimi, and S. B. Nasrallah, Exergy for A Better
Environment and Improved Sustainability 1: Fundamentals
(Springer, Cham, 2018), pp. 661-683.

[12] M. Atif, P. K. Kolluru, C. Thantanapally, and S. Ansumali,
Phys. Rev. Lett. 119, 240602 (2017).

[13] I. V. Karlin, F. Bosch, and S. S. Chikatamarla, Phys. Rev. E 90,
031302(R) (2014).

[14] F. Bosch, S. S. Chikatamarla, and I. Karlin, ESAIM Proc. 52,
1 (2015).

[15] F. Bosch, S. S. Chikatamarla, and I. V. Karlin, Phys. Rev. E 92,
043309 (2015).

[16] B. Dorschner, N. Frapolli, S. S. Chikatamarla, and I. V. Karlin,
Phys. Rev. E 94, 053311 (2016).

[17] B. Dorschner, S. S. Chikatamarla, and I. V. Karlin, Phys. Rev.
E 97, 023305 (2018).

[18] C. Flint and G. Vahala, Phys. Rev. E 97, 013302 (2018).

[19] F. Bosch, B. Dorschner, and 1. Karlin, Europhys. Lett. 122,
14002 (2018).

[20] K. K. Mattila, L. A. Hegele, and P. C. Philippi, Phys. Rev. E
91, 063010 (2015).

[21] R. A. Brownlee, A. N. Gorban, and J. Levesley, Phys. Rev. E
74, 037703 (2006).

[22] R. A. Brownlee, A. N. Gorban, and J. Levesley, Phys. Rev. E
75, 036711 (2007).

[23] R. Brownlee, A. Gorban, and J. Levesley, Phys. A
(Amsterdam) 387, 385 (2008).

[24] A. Gorban and D. Packwood, Phys. A (Amsterdam) 414, 285
(2014).

[25] D. d’Humieres, Prog. Astronaut. Aeronaut. 159, 450 (1992).

[26] P. Lallemand and L.-S. Luo, Phys. Rev. E 61, 6546 (2000).

[27] I. Ginzburg, F. Verhaeghe, and D. d’Humieres, Commun.
Comput. Phys. 3, 427 (2008).

[28] I. Ginzburg, F. Verhaeghe, and D. d’Humieres, Commun.
Comput. Phys. 3, 519 (2008).

[29] D. d’Humieres, Philos. Trans. R. Soc. London Ser. A 360, 437
(2002).

[30] D. d’Humieres and 1. Ginzburg, Comput. Math. Appl. 58, 823
(2009).

[31] I. Ginzburg, D. d’Humieres, and A. Kuzmin, J. Stat. Phys. 139,
1090 (2010).

[32] A. Kuzmin, I. Ginzburg, and A. Mohamad, Comput. Math.
Appl. 61, 3417 (2011).

[33] L. Hao and P. Cheng, J. Power Sources 186, 104 (2009).

[34] H. Xu and P. Sagaut, J. Comput. Phys. 230, 5353 (2011).

[35] J. Wang, D. Wang, P. Lallemand, and L.-S. Luo, Comput.
Math. Appl. 65, 262 (2013).

033305-44


https://doi.org/10.2514/1.C034940
https://doi.org/10.2514/1.C034940
https://doi.org/10.2514/1.C034940
https://doi.org/10.2514/1.C034940
https://doi.org/10.1016/j.jcp.2009.03.030
https://doi.org/10.1016/j.jcp.2009.03.030
https://doi.org/10.1016/j.jcp.2009.03.030
https://doi.org/10.1016/j.jcp.2009.03.030
https://doi.org/10.1016/j.jcp.2016.12.017
https://doi.org/10.1016/j.jcp.2016.12.017
https://doi.org/10.1016/j.jcp.2016.12.017
https://doi.org/10.1016/j.jcp.2016.12.017
https://doi.org/10.1016/j.camwa.2009.08.051
https://doi.org/10.1016/j.camwa.2009.08.051
https://doi.org/10.1016/j.camwa.2009.08.051
https://doi.org/10.1016/j.camwa.2009.08.051
https://doi.org/10.1103/PhysRevLett.81.6
https://doi.org/10.1103/PhysRevLett.81.6
https://doi.org/10.1103/PhysRevLett.81.6
https://doi.org/10.1103/PhysRevLett.81.6
https://doi.org/10.1098/rspa.2000.0689
https://doi.org/10.1098/rspa.2000.0689
https://doi.org/10.1098/rspa.2000.0689
https://doi.org/10.1098/rspa.2000.0689
https://doi.org/10.1103/PhysRevE.78.066705
https://doi.org/10.1103/PhysRevE.78.066705
https://doi.org/10.1103/PhysRevE.78.066705
https://doi.org/10.1103/PhysRevE.78.066705
https://doi.org/10.1103/PhysRevLett.119.240602
https://doi.org/10.1103/PhysRevLett.119.240602
https://doi.org/10.1103/PhysRevLett.119.240602
https://doi.org/10.1103/PhysRevLett.119.240602
https://doi.org/10.1103/PhysRevE.90.031302
https://doi.org/10.1103/PhysRevE.90.031302
https://doi.org/10.1103/PhysRevE.90.031302
https://doi.org/10.1103/PhysRevE.90.031302
https://doi.org/10.1051/proc/201552001
https://doi.org/10.1051/proc/201552001
https://doi.org/10.1051/proc/201552001
https://doi.org/10.1051/proc/201552001
https://doi.org/10.1103/PhysRevE.92.043309
https://doi.org/10.1103/PhysRevE.92.043309
https://doi.org/10.1103/PhysRevE.92.043309
https://doi.org/10.1103/PhysRevE.92.043309
https://doi.org/10.1103/PhysRevE.94.053311
https://doi.org/10.1103/PhysRevE.94.053311
https://doi.org/10.1103/PhysRevE.94.053311
https://doi.org/10.1103/PhysRevE.94.053311
https://doi.org/10.1103/PhysRevE.97.023305
https://doi.org/10.1103/PhysRevE.97.023305
https://doi.org/10.1103/PhysRevE.97.023305
https://doi.org/10.1103/PhysRevE.97.023305
https://doi.org/10.1103/PhysRevE.97.013302
https://doi.org/10.1103/PhysRevE.97.013302
https://doi.org/10.1103/PhysRevE.97.013302
https://doi.org/10.1103/PhysRevE.97.013302
https://doi.org/10.1209/0295-5075/122/14002
https://doi.org/10.1209/0295-5075/122/14002
https://doi.org/10.1209/0295-5075/122/14002
https://doi.org/10.1209/0295-5075/122/14002
https://doi.org/10.1103/PhysRevE.91.063010
https://doi.org/10.1103/PhysRevE.91.063010
https://doi.org/10.1103/PhysRevE.91.063010
https://doi.org/10.1103/PhysRevE.91.063010
https://doi.org/10.1103/PhysRevE.74.037703
https://doi.org/10.1103/PhysRevE.74.037703
https://doi.org/10.1103/PhysRevE.74.037703
https://doi.org/10.1103/PhysRevE.74.037703
https://doi.org/10.1103/PhysRevE.75.036711
https://doi.org/10.1103/PhysRevE.75.036711
https://doi.org/10.1103/PhysRevE.75.036711
https://doi.org/10.1103/PhysRevE.75.036711
https://doi.org/10.1016/j.physa.2007.09.031
https://doi.org/10.1016/j.physa.2007.09.031
https://doi.org/10.1016/j.physa.2007.09.031
https://doi.org/10.1016/j.physa.2007.09.031
https://doi.org/10.1016/j.physa.2014.07.052
https://doi.org/10.1016/j.physa.2014.07.052
https://doi.org/10.1016/j.physa.2014.07.052
https://doi.org/10.1016/j.physa.2014.07.052
https://doi.org/10.2514/5.9781600866319.0450.0458
https://doi.org/10.2514/5.9781600866319.0450.0458
https://doi.org/10.2514/5.9781600866319.0450.0458
https://doi.org/10.2514/5.9781600866319.0450.0458
https://doi.org/10.1103/PhysRevE.61.6546
https://doi.org/10.1103/PhysRevE.61.6546
https://doi.org/10.1103/PhysRevE.61.6546
https://doi.org/10.1103/PhysRevE.61.6546
http://global-sci.org/intro/article_detail/cicp/7862.html
http://global-sci.org/intro/article_detail/cicp/7865.html
https://doi.org/10.1098/rsta.2001.0955
https://doi.org/10.1098/rsta.2001.0955
https://doi.org/10.1098/rsta.2001.0955
https://doi.org/10.1098/rsta.2001.0955
https://doi.org/10.1016/j.camwa.2009.02.008
https://doi.org/10.1016/j.camwa.2009.02.008
https://doi.org/10.1016/j.camwa.2009.02.008
https://doi.org/10.1016/j.camwa.2009.02.008
https://doi.org/10.1007/s10955-010-9969-9
https://doi.org/10.1007/s10955-010-9969-9
https://doi.org/10.1007/s10955-010-9969-9
https://doi.org/10.1007/s10955-010-9969-9
https://doi.org/10.1016/j.camwa.2010.07.036
https://doi.org/10.1016/j.camwa.2010.07.036
https://doi.org/10.1016/j.camwa.2010.07.036
https://doi.org/10.1016/j.camwa.2010.07.036
https://doi.org/10.1016/j.jpowsour.2008.09.086
https://doi.org/10.1016/j.jpowsour.2008.09.086
https://doi.org/10.1016/j.jpowsour.2008.09.086
https://doi.org/10.1016/j.jpowsour.2008.09.086
https://doi.org/10.1016/j.jcp.2011.03.040
https://doi.org/10.1016/j.jcp.2011.03.040
https://doi.org/10.1016/j.jcp.2011.03.040
https://doi.org/10.1016/j.jcp.2011.03.040
https://doi.org/10.1016/j.camwa.2012.07.001
https://doi.org/10.1016/j.camwa.2012.07.001
https://doi.org/10.1016/j.camwa.2012.07.001
https://doi.org/10.1016/j.camwa.2012.07.001

COMPREHENSIVE COMPARISON OF COLLISION MODELS ...

PHYSICAL REVIEW E 100, 033305 (2019)

[36] B. Servan-Camas and F. T.-C. Tsai, Adv. Water Resour. 32,
620 (2009).

[37] G. Silva and V. Semiao, Phys. Rev. E 96, 013311 (2017).

[38] M. Geier, A. Greiner, and J. G. Korvink, Phys. Rev. E 73,
066705 (2006).

[39] M. Geier, A. Greiner, and J. G. Korvink, Eur. Phys. J. Spec.
Top. 171, 55 (2009).

[40] S. Geller, S. Uphoff, and M. Krafczyk, Comput. Math. Appl.
65, 1956 (2013).

[41] D. Lycett-Brown and K. H. Luo, Comput. Math. Appl. 67, 350
(2014).

[42] F. Dubois, T. Février, and B. Graille, Commun. Comput. Phys.
17, 1088 (2015).

[43] Y. Ning, K. N. Premnath, and D. V. Patil, Int. J. Numer. Meth.
Fluids 82, 59 (2016).

[44] L. Fei and K. H. Luo, Phys. Rev. E 96, 053307 (2017).

[45] A. De Rosis, Phys. Rev. E 95, 013310 (2017).

[46] L. Fei, K. H. Luo, and Q. Li, Phys. Rev. E 97, 053309
(2018).

[47] A. De Rosis and K. H. Luo, Phys. Rev. E 99, 013301 (2019).

[48] A. De Rosis, R. Huang, and C. Coreixas, arXiv:1905.10182.

[49] D. Lycett-Brown and K. H. Luo, Phys. Rev. E 94, 053313
(2016).

[50] F. Dubois, T. Février, and B. Graille, C. R. Mécanique 343,
599 (2015).

[51] A. De Rosis, Comput. Methods Appl. Mech. Eng. 319, 379
(2017).

[52] A. De Rosis, E. Lévéque, and R. Chahine, J. Turb. 19, 446
(2018).

[53] M. Cook, Biometrika 38, 179 (1951).

[54] S. Seeger and H. Hoffmann, Continuum Mech. Thermodyn.
12, 403 (2000).

[55] S. Seeger and K. H. Hoffmann, Continuum Mech. Thermodyn.
14, 321 (2002).

[56] S. Seeger, The Cumulant Method, Ph.D. thesis, TU-Chemnitz,
2003.

[57] M. Geier, M. Schonherr, A. Pasquali, and M. Krafczyk,
Comput. Math. Appl. 70, 507 (2015).

[58] M. Junk, A. Klar, and L.-S. Luo, J. Comput. Phys. 210, 676
(2005).

[59] T. Kriiger, H. Kusumaatmaja, A. Kuzmin, O. Shardt, G. Silva,
and E. M. Viggen, The Lattice Boltzmann Method: Principles
and Practice (Springer, Cham, 2017).

[60] M. Geier, A. Pasquali, and M. Schonherr, J. Comput. Phys.
348, 862 (2017).

[61] M. Geier, A. Pasquali, and M. Schonherr, J. Comput. Phys.
348, 889 (2017).

[62] M. Geier and A. Pasquali, Comput. Fluids 166, 139 (2018).

[63] A.J.C.Ladd and R. Verberg, J. Stat. Phys. 104, 1191 (2001).

[64] J. Latt and B. Chopard, arXiv:physics/0506157.

[65] J. Latt and B. Chopard, Math. Comput. Simul. 72, 165 (2006).

[66] H. Chen, R. Zhang, I. Staroselsky, and M. Jhon, Phys. A
(Amsterdam) 362, 125 (2006).

[67] R. Zhang, X. Shan, and H. Chen, Phys. Rev. E 74, 046703
(2006).

[68] O. Malaspinas, arXiv:1505.06900.

[69] C. Coreixas, G. Wissocq, G. Puigt, J.-F. Boussuge, and
P. Sagaut, Phys. Rev. E 96, 033306 (2017).

[70] C. Coreixas, High-order extension of the recursive regularized
lattice Boltzmann method, Ph.D. thesis, INP Toulouse, 2018.

[71] E. Brogi, O. Malaspinas, B. Chopard, and C. Bonadonna,
J. Acoust. Soc. Am. 142, 2332 (2017).

[72] K. K. Mattila, P. C. Philippi, and L. A. Hegele, Jr., Phys. Fluids
29, 046103 (2017).

[73] X.-D. Niu, S.-A. Hyodo, T. Munekata, and K. Suga, Phys. Rev.
E 76, 036711 (2007).

[74] E. M. Viggen, Phys. Rev. E 87, 023306 (2013).

[75] L. Wang, B. Shi, and Z. Chai, Phys. Rev. E 92, 043311
(2015).

[76] Y. Ba, N. Wang, H. Liu, Q. Li, and G. He, Phys. Rev. E 97,
033307 (2018).

[77] A. Montessori, M. Lauricella, M. L. Rocca, S. Succi, E.
Stolovicki, R. Ziblat, and D. Weitz, Comput. Fluids 167, 33
(2018).

[78] Y. Feng, P. Boivin, J. Jacob, and P. Sagaut, J. Comput. Phys.
394, 82 (2019).

[79] D. N. Siebert, L. A. Hegele, and P. C. Philippi, Phys. Rev. E
77, 026707 (2008).

[80] R. Adhikari and S. Succi, Phys. Rev. E 78, 066701 (2008).

[81] S. Marié, D. Ricot, and P. Sagaut, J. Comput. Phys. 228, 1056
(2009).

[82] S. A. Hosseini, N. Darabiha, D. Thévenin, and A.
Eshghinejadfard, Int. J. Mod. Phys. C 28, 1750141 (2017).

[83] M. Chavez-Modena, E. Ferrer, and G. Rubio, Comput. Fluids
172, 397 (2018).

[84] G. Wissocq, P. Sagaut, and J.-F. Boussuge, J. Comput. Phys.
380, 311 (2019).

[85] S. A. Hosseini, C. Coreixas, N. Darabiha, and D. Thévenin,
Phys. Rev. E 99, 063305 (2019).

[86] P. Asinari, Phys. Rev. E 78, 016701 (2008).

[87] M. Gehrke, C. JanBen, and T. Rung, Comput. Fluids 156, 247
2017).

[88] M. Haussmann, S. Simonis,
Krause, Int. J. Mod. Phys. C
doi:10.1142/S0129183119500748.

[89] F. Higuera and J. Jimenez, Europhys. Lett. 9, 663 (1989).

[90] R. Benzi, S. Succi, and M. Vergassola, Phys. Rep. 222, 145
(1992).

[91] See Supplemental Material at http://link.aps.org/supplemental
/10.1103/PhysRevE.100.033305 for instructions regarding the
implementation of most collision models considered in this
work.

[92] 1. Karlin and P. Asinari, Phys. A (Amsterdam) 389, 1530
(2010).

[93] M. Kendall, Ann. Eugen. 10, 392 (1940).

[94] E. T. Bell, Ann. Math. 35, 258 (1934).

[95] C. S. Withers, in Proceedings of the 1994 New Zealand
Statistical Association Conference, Massey University (New
Zealand Statistical Society, Wellington, New Zealand, 1994).

[96] P. Bhatnagar, E. Gross, and M. Krook, Phys. Rev. 94, 511
(1954).

[97] P. McCullagh, Tensor Methods in Statistics: Monographs on
Statistics and Applied Probability (CRC Press, Boca Raton,
FL, 2018).

[98] X. Li, Y. Shi, and X. Shan, Phys. Rev. E 100, 013301 (2019).

[99] A. M. Kogan, J. Appl. Math. Mech. 29, 130 (1965).

[100] S. Pressé, K. Ghosh, J. Lee, and K. A. Dill, Rev. Mod. Phys.
85, 1115 (2013).

[101] S. Ansumali, I. V. Karlin, and H. C. Ottinger, Europhys. Lett.
63, 798 (2003).

H. Nirschl, and M. .
1950074  (2019),

033305-45


https://doi.org/10.1016/j.advwatres.2009.02.001
https://doi.org/10.1016/j.advwatres.2009.02.001
https://doi.org/10.1016/j.advwatres.2009.02.001
https://doi.org/10.1016/j.advwatres.2009.02.001
https://doi.org/10.1103/PhysRevE.96.013311
https://doi.org/10.1103/PhysRevE.96.013311
https://doi.org/10.1103/PhysRevE.96.013311
https://doi.org/10.1103/PhysRevE.96.013311
https://doi.org/10.1103/PhysRevE.73.066705
https://doi.org/10.1103/PhysRevE.73.066705
https://doi.org/10.1103/PhysRevE.73.066705
https://doi.org/10.1103/PhysRevE.73.066705
https://doi.org/10.1140/epjst/e2009-01011-1
https://doi.org/10.1140/epjst/e2009-01011-1
https://doi.org/10.1140/epjst/e2009-01011-1
https://doi.org/10.1140/epjst/e2009-01011-1
https://doi.org/10.1016/j.camwa.2013.04.013
https://doi.org/10.1016/j.camwa.2013.04.013
https://doi.org/10.1016/j.camwa.2013.04.013
https://doi.org/10.1016/j.camwa.2013.04.013
https://doi.org/10.1016/j.camwa.2013.08.033
https://doi.org/10.1016/j.camwa.2013.08.033
https://doi.org/10.1016/j.camwa.2013.08.033
https://doi.org/10.1016/j.camwa.2013.08.033
https://doi.org/10.4208/cicp.2014.m394
https://doi.org/10.4208/cicp.2014.m394
https://doi.org/10.4208/cicp.2014.m394
https://doi.org/10.4208/cicp.2014.m394
https://doi.org/10.1002/fld.4208
https://doi.org/10.1002/fld.4208
https://doi.org/10.1002/fld.4208
https://doi.org/10.1002/fld.4208
https://doi.org/10.1103/PhysRevE.96.053307
https://doi.org/10.1103/PhysRevE.96.053307
https://doi.org/10.1103/PhysRevE.96.053307
https://doi.org/10.1103/PhysRevE.96.053307
https://doi.org/10.1103/PhysRevE.95.013310
https://doi.org/10.1103/PhysRevE.95.013310
https://doi.org/10.1103/PhysRevE.95.013310
https://doi.org/10.1103/PhysRevE.95.013310
https://doi.org/10.1103/PhysRevE.97.053309
https://doi.org/10.1103/PhysRevE.97.053309
https://doi.org/10.1103/PhysRevE.97.053309
https://doi.org/10.1103/PhysRevE.97.053309
https://doi.org/10.1103/PhysRevE.99.013301
https://doi.org/10.1103/PhysRevE.99.013301
https://doi.org/10.1103/PhysRevE.99.013301
https://doi.org/10.1103/PhysRevE.99.013301
http://arxiv.org/abs/arXiv:1905.10182
https://doi.org/10.1103/PhysRevE.94.053313
https://doi.org/10.1103/PhysRevE.94.053313
https://doi.org/10.1103/PhysRevE.94.053313
https://doi.org/10.1103/PhysRevE.94.053313
https://doi.org/10.1016/j.crme.2015.07.010
https://doi.org/10.1016/j.crme.2015.07.010
https://doi.org/10.1016/j.crme.2015.07.010
https://doi.org/10.1016/j.crme.2015.07.010
https://doi.org/10.1016/j.cma.2017.03.001
https://doi.org/10.1016/j.cma.2017.03.001
https://doi.org/10.1016/j.cma.2017.03.001
https://doi.org/10.1016/j.cma.2017.03.001
https://doi.org/10.1080/14685248.2018.1461875
https://doi.org/10.1080/14685248.2018.1461875
https://doi.org/10.1080/14685248.2018.1461875
https://doi.org/10.1080/14685248.2018.1461875
https://doi.org/10.1093/biomet/38.1-2.179
https://doi.org/10.1093/biomet/38.1-2.179
https://doi.org/10.1093/biomet/38.1-2.179
https://doi.org/10.1093/biomet/38.1-2.179
https://doi.org/10.1007/s001610050145
https://doi.org/10.1007/s001610050145
https://doi.org/10.1007/s001610050145
https://doi.org/10.1007/s001610050145
https://doi.org/10.1007/s001610100067
https://doi.org/10.1007/s001610100067
https://doi.org/10.1007/s001610100067
https://doi.org/10.1007/s001610100067
https://doi.org/10.1016/j.camwa.2015.05.001
https://doi.org/10.1016/j.camwa.2015.05.001
https://doi.org/10.1016/j.camwa.2015.05.001
https://doi.org/10.1016/j.camwa.2015.05.001
https://doi.org/10.1016/j.jcp.2005.05.003
https://doi.org/10.1016/j.jcp.2005.05.003
https://doi.org/10.1016/j.jcp.2005.05.003
https://doi.org/10.1016/j.jcp.2005.05.003
https://doi.org/10.1016/j.jcp.2017.05.040
https://doi.org/10.1016/j.jcp.2017.05.040
https://doi.org/10.1016/j.jcp.2017.05.040
https://doi.org/10.1016/j.jcp.2017.05.040
https://doi.org/10.1016/j.jcp.2017.07.004
https://doi.org/10.1016/j.jcp.2017.07.004
https://doi.org/10.1016/j.jcp.2017.07.004
https://doi.org/10.1016/j.jcp.2017.07.004
https://doi.org/10.1016/j.compfluid.2018.01.015
https://doi.org/10.1016/j.compfluid.2018.01.015
https://doi.org/10.1016/j.compfluid.2018.01.015
https://doi.org/10.1016/j.compfluid.2018.01.015
https://doi.org/10.1023/A:1010414013942
https://doi.org/10.1023/A:1010414013942
https://doi.org/10.1023/A:1010414013942
https://doi.org/10.1023/A:1010414013942
http://arxiv.org/abs/arXiv:physics/0506157
https://doi.org/10.1016/j.matcom.2006.05.017
https://doi.org/10.1016/j.matcom.2006.05.017
https://doi.org/10.1016/j.matcom.2006.05.017
https://doi.org/10.1016/j.matcom.2006.05.017
https://doi.org/10.1016/j.physa.2005.09.008
https://doi.org/10.1016/j.physa.2005.09.008
https://doi.org/10.1016/j.physa.2005.09.008
https://doi.org/10.1016/j.physa.2005.09.008
https://doi.org/10.1103/PhysRevE.74.046703
https://doi.org/10.1103/PhysRevE.74.046703
https://doi.org/10.1103/PhysRevE.74.046703
https://doi.org/10.1103/PhysRevE.74.046703
http://arxiv.org/abs/arXiv:1505.06900
https://doi.org/10.1103/PhysRevE.96.033306
https://doi.org/10.1103/PhysRevE.96.033306
https://doi.org/10.1103/PhysRevE.96.033306
https://doi.org/10.1103/PhysRevE.96.033306
https://doi.org/10.1121/1.5006900
https://doi.org/10.1121/1.5006900
https://doi.org/10.1121/1.5006900
https://doi.org/10.1121/1.5006900
https://doi.org/10.1063/1.4981227
https://doi.org/10.1063/1.4981227
https://doi.org/10.1063/1.4981227
https://doi.org/10.1063/1.4981227
https://doi.org/10.1103/PhysRevE.76.036711
https://doi.org/10.1103/PhysRevE.76.036711
https://doi.org/10.1103/PhysRevE.76.036711
https://doi.org/10.1103/PhysRevE.76.036711
https://doi.org/10.1103/PhysRevE.87.023306
https://doi.org/10.1103/PhysRevE.87.023306
https://doi.org/10.1103/PhysRevE.87.023306
https://doi.org/10.1103/PhysRevE.87.023306
https://doi.org/10.1103/PhysRevE.92.043311
https://doi.org/10.1103/PhysRevE.92.043311
https://doi.org/10.1103/PhysRevE.92.043311
https://doi.org/10.1103/PhysRevE.92.043311
https://doi.org/10.1103/PhysRevE.97.033307
https://doi.org/10.1103/PhysRevE.97.033307
https://doi.org/10.1103/PhysRevE.97.033307
https://doi.org/10.1103/PhysRevE.97.033307
https://doi.org/10.1016/j.compfluid.2018.02.029
https://doi.org/10.1016/j.compfluid.2018.02.029
https://doi.org/10.1016/j.compfluid.2018.02.029
https://doi.org/10.1016/j.compfluid.2018.02.029
https://doi.org/10.1016/j.jcp.2019.05.031
https://doi.org/10.1016/j.jcp.2019.05.031
https://doi.org/10.1016/j.jcp.2019.05.031
https://doi.org/10.1016/j.jcp.2019.05.031
https://doi.org/10.1103/PhysRevE.77.026707
https://doi.org/10.1103/PhysRevE.77.026707
https://doi.org/10.1103/PhysRevE.77.026707
https://doi.org/10.1103/PhysRevE.77.026707
https://doi.org/10.1103/PhysRevE.78.066701
https://doi.org/10.1103/PhysRevE.78.066701
https://doi.org/10.1103/PhysRevE.78.066701
https://doi.org/10.1103/PhysRevE.78.066701
https://doi.org/10.1016/j.jcp.2008.10.021
https://doi.org/10.1016/j.jcp.2008.10.021
https://doi.org/10.1016/j.jcp.2008.10.021
https://doi.org/10.1016/j.jcp.2008.10.021
https://doi.org/10.1142/S0129183117501418
https://doi.org/10.1142/S0129183117501418
https://doi.org/10.1142/S0129183117501418
https://doi.org/10.1142/S0129183117501418
https://doi.org/10.1016/j.compfluid.2018.03.084
https://doi.org/10.1016/j.compfluid.2018.03.084
https://doi.org/10.1016/j.compfluid.2018.03.084
https://doi.org/10.1016/j.compfluid.2018.03.084
https://doi.org/10.1016/j.jcp.2018.12.015
https://doi.org/10.1016/j.jcp.2018.12.015
https://doi.org/10.1016/j.jcp.2018.12.015
https://doi.org/10.1016/j.jcp.2018.12.015
https://doi.org/10.1103/PhysRevE.99.063305
https://doi.org/10.1103/PhysRevE.99.063305
https://doi.org/10.1103/PhysRevE.99.063305
https://doi.org/10.1103/PhysRevE.99.063305
https://doi.org/10.1103/PhysRevE.78.016701
https://doi.org/10.1103/PhysRevE.78.016701
https://doi.org/10.1103/PhysRevE.78.016701
https://doi.org/10.1103/PhysRevE.78.016701
https://doi.org/10.1016/j.compfluid.2017.07.005
https://doi.org/10.1016/j.compfluid.2017.07.005
https://doi.org/10.1016/j.compfluid.2017.07.005
https://doi.org/10.1016/j.compfluid.2017.07.005
https://doi.org/10.1142/S0129183119500748
https://doi.org/10.1142/S0129183119500748
https://doi.org/10.1142/S0129183119500748
https://doi.org/10.1142/S0129183119500748
https://doi.org/10.1209/0295-5075/9/7/009
https://doi.org/10.1209/0295-5075/9/7/009
https://doi.org/10.1209/0295-5075/9/7/009
https://doi.org/10.1209/0295-5075/9/7/009
https://doi.org/10.1016/0370-1573(92)90090-M
https://doi.org/10.1016/0370-1573(92)90090-M
https://doi.org/10.1016/0370-1573(92)90090-M
https://doi.org/10.1016/0370-1573(92)90090-M
http://link.aps.org/supplemental/10.1103/PhysRevE.100.033305
https://doi.org/10.1016/j.physa.2009.12.032
https://doi.org/10.1016/j.physa.2009.12.032
https://doi.org/10.1016/j.physa.2009.12.032
https://doi.org/10.1016/j.physa.2009.12.032
https://doi.org/10.1111/j.1469-1809.1940.tb02261.x
https://doi.org/10.1111/j.1469-1809.1940.tb02261.x
https://doi.org/10.1111/j.1469-1809.1940.tb02261.x
https://doi.org/10.1111/j.1469-1809.1940.tb02261.x
https://doi.org/10.2307/1968431
https://doi.org/10.2307/1968431
https://doi.org/10.2307/1968431
https://doi.org/10.2307/1968431
https://doi.org/10.1103/PhysRev.94.511
https://doi.org/10.1103/PhysRev.94.511
https://doi.org/10.1103/PhysRev.94.511
https://doi.org/10.1103/PhysRev.94.511
https://doi.org/10.1103/PhysRevE.100.013301
https://doi.org/10.1103/PhysRevE.100.013301
https://doi.org/10.1103/PhysRevE.100.013301
https://doi.org/10.1103/PhysRevE.100.013301
https://doi.org/10.1016/0021-8928(65)90157-7
https://doi.org/10.1016/0021-8928(65)90157-7
https://doi.org/10.1016/0021-8928(65)90157-7
https://doi.org/10.1016/0021-8928(65)90157-7
https://doi.org/10.1103/RevModPhys.85.1115
https://doi.org/10.1103/RevModPhys.85.1115
https://doi.org/10.1103/RevModPhys.85.1115
https://doi.org/10.1103/RevModPhys.85.1115
https://doi.org/10.1209/epl/i2003-00496-6
https://doi.org/10.1209/epl/i2003-00496-6
https://doi.org/10.1209/epl/i2003-00496-6
https://doi.org/10.1209/epl/i2003-00496-6

COREIXAS, CHOPARD, AND LATT

PHYSICAL REVIEW E 100, 033305 (2019)

[102] P. Asinari and L. V. Karlin, Phys. Rev. E 79, 036703 (2009).

[103] N. Frapolli, S. S. Chikatamarla, and I. V. Karlin, Phys. Rev. E
92, 061301(R) (2015).

[104] M. Atif, M. Namburi, and S. Ansumali, Phys. Rev. E 98,
053311 (2018).

[105] Y. H. Qian, D. D’Humieres, and P. Lallemand, Europhys. Lett.
17, 479 (1992).

[106] X. Shan, X.-F. Yuan, and H. Chen, J. Fluid Mech. 550, 413
(2006).

[107] T. Lee, C.-L. Lin, and L.-D. Chen, J. Comput. Phys. 215, 133
(2006).

[108] R. Surmas, C. E. Pico Ortiz, and P. C. Philippi, Eur. Phys. J.
Special Topics 171, 81 (2009).

[109] Z. Guo, B. Shi, and C. Zheng, Philos. Trans. R. Soc. London
Ser. A 369, 2283 (2011).

[110] Z. Guo, K. Xu, and R. Wang, Phys. Rev. E 88, 033305 (2013).

[111] D. Wilde, A. Krédmer, K. Kiillmer, H. Foysi, and D. Reith, Int.
J. Numer. Meth. Fluids 90, 156 (2019).

[112] F. Gendre, D. Ricot, G. Fritz, and P. Sagaut, Phys. Rev. E 96,
023311 (2017).

[113] K. Suga, Y. Kuwata, K. Takashima, and R. Chikasue, Comput.
Math. Appl. 69, 518 (2015).

[114] A. Fakhari, D. Bolster, and L.-S. Luo, J. Comput. Phys. 341,
22 (2017).

[115] I. V. Karlin,
arXiv:1107.3309.

[116] S. Ansumali, S. Arcidiacono, S. S. Chikatamarla, 1. N.
Prasianakis, N. A. Gorban, and V. I. Karlin, Eur. Phys. J. B
56, 135 (2007).

[117] R. Huang, H. Wu, and N. A. Adams, Phys. Rev. E 97, 053308
(2018).

[118] X. Shan and H. Chen, Int. J. Mod. Phys. C 18, 635 (2007).

[119] H. Chen, P. Gopalakrishnan, and R. Zhang, Int. J. Mod. Phys.
C 25, 1450046 (2014).

[120] H. Chen, R. Zhang, and P. Gopalakrishnan, Lattice Boltzmann
collision operators enforcing isotropy and Galilean invariance,
2015, CA Patent App. CA 2,919,062.

D. Lycett-Brown, and K. H. Luo,

[121] E. M. Viggen, The lattice Boltzmann method: Fundamentals
and acoustics, Ph.D. thesis, NTNU, 2014.

[122] S. S. Chikatamarla and I. V. Karlin, Phys. Rev. E 79, 046701
(2009).

[123] N. Frapolli, Entropic lattice Boltzmann models for ther-
mal and compressible flows, Ph.D. thesis, ETH-Ziirich,
2017.

[124] H. Grad, Commun. Pure Appl. Math. 2, 331 (1949).

[125] X. Shan and X. He, Phys. Rev. Lett. 80, 65 (1998).

[126] P. C. Philippi, L. A. Hegele, L. O. E. dos Santos, and R.
Surmas, Phys. Rev. E 73, 056702 (2006).

[127] 1. Karlin, P. Asinari, and S. Succi, Philos. Trans. R. Soc.
London Ser. A 369, 2202 (2011).

[128] P.J. Dellar, Phys. Rev. E 65, 036309 (2002).

[129] P.J. Dellar, J. Comput. Phys. 259, 270 (2014)

[130] K. N. Premnath and S. Banerjee, J. Stat. Phys. 143, 747
(2011).

[131] C. Hirsch, Numerical Computation of Internal and External
Flows: The Fundamentals of Computational Fluid Dynamics
(Elsevier, Amsterdam, 2007).

[132] K. Huang, Statistical Mechanics, 2nd ed. (Wiley, New York,
1987).

[133] S. Chapman and T. Cowling, The Mathematical Theory of
Non-uniform Gases: An Account of the Kinetic Theory of
Viscosity, Thermal Conduction and Diffusion in Gases (Cam-
bridge University Press, Cambridge, 1970).

[134] F. Dubois, Comput. Math. Appl. 55, 1441 (2008).

[135] H. Otomo, B. M. Boghosian, and F. Dubois, Phys. A
(Amsterdam) 486, 1000 (2017).

[136] G. Hazi and P. Kévrdn, J. Phys. A: Math. Gen. 39, 3127
(2006).

[137] P.J. Dellar, Comput. Math. Appl. 65, 129 (2013).

[138] Y. Feng, P. Sagaut, and W.-Q. Tao, Comput. Fluids 131, 45
(2016).

[139] J. Jacob, O. Malaspinas, and P. Sagaut, J. Turb. 19, 1051
(2018).

[140] P. Asinari and I. V. Karlin, Phys. Rev. E 81, 016702 (2010).

033305-46


https://doi.org/10.1103/PhysRevE.79.036703
https://doi.org/10.1103/PhysRevE.79.036703
https://doi.org/10.1103/PhysRevE.79.036703
https://doi.org/10.1103/PhysRevE.79.036703
https://doi.org/10.1103/PhysRevE.92.061301
https://doi.org/10.1103/PhysRevE.92.061301
https://doi.org/10.1103/PhysRevE.92.061301
https://doi.org/10.1103/PhysRevE.92.061301
https://doi.org/10.1103/PhysRevE.98.053311
https://doi.org/10.1103/PhysRevE.98.053311
https://doi.org/10.1103/PhysRevE.98.053311
https://doi.org/10.1103/PhysRevE.98.053311
https://doi.org/10.1209/0295-5075/17/6/001
https://doi.org/10.1209/0295-5075/17/6/001
https://doi.org/10.1209/0295-5075/17/6/001
https://doi.org/10.1209/0295-5075/17/6/001
https://doi.org/10.1017/S0022112005008153
https://doi.org/10.1017/S0022112005008153
https://doi.org/10.1017/S0022112005008153
https://doi.org/10.1017/S0022112005008153
https://doi.org/10.1016/j.jcp.2005.10.021
https://doi.org/10.1016/j.jcp.2005.10.021
https://doi.org/10.1016/j.jcp.2005.10.021
https://doi.org/10.1016/j.jcp.2005.10.021
https://doi.org/10.1140/epjst/e2009-01014-x
https://doi.org/10.1140/epjst/e2009-01014-x
https://doi.org/10.1140/epjst/e2009-01014-x
https://doi.org/10.1140/epjst/e2009-01014-x
https://doi.org/10.1098/rsta.2011.0023
https://doi.org/10.1098/rsta.2011.0023
https://doi.org/10.1098/rsta.2011.0023
https://doi.org/10.1098/rsta.2011.0023
https://doi.org/10.1103/PhysRevE.88.033305
https://doi.org/10.1103/PhysRevE.88.033305
https://doi.org/10.1103/PhysRevE.88.033305
https://doi.org/10.1103/PhysRevE.88.033305
https://doi.org/10.1002/fld.4716
https://doi.org/10.1002/fld.4716
https://doi.org/10.1002/fld.4716
https://doi.org/10.1002/fld.4716
https://doi.org/10.1103/PhysRevE.96.023311
https://doi.org/10.1103/PhysRevE.96.023311
https://doi.org/10.1103/PhysRevE.96.023311
https://doi.org/10.1103/PhysRevE.96.023311
https://doi.org/10.1016/j.camwa.2015.01.010
https://doi.org/10.1016/j.camwa.2015.01.010
https://doi.org/10.1016/j.camwa.2015.01.010
https://doi.org/10.1016/j.camwa.2015.01.010
https://doi.org/10.1016/j.jcp.2017.03.062
https://doi.org/10.1016/j.jcp.2017.03.062
https://doi.org/10.1016/j.jcp.2017.03.062
https://doi.org/10.1016/j.jcp.2017.03.062
http://arxiv.org/abs/arXiv:1107.3309
https://doi.org/10.1140/epjb/e2007-00100-1
https://doi.org/10.1140/epjb/e2007-00100-1
https://doi.org/10.1140/epjb/e2007-00100-1
https://doi.org/10.1140/epjb/e2007-00100-1
https://doi.org/10.1103/PhysRevE.97.053308
https://doi.org/10.1103/PhysRevE.97.053308
https://doi.org/10.1103/PhysRevE.97.053308
https://doi.org/10.1103/PhysRevE.97.053308
https://doi.org/10.1142/S0129183107010887
https://doi.org/10.1142/S0129183107010887
https://doi.org/10.1142/S0129183107010887
https://doi.org/10.1142/S0129183107010887
https://doi.org/10.1142/S0129183114500466
https://doi.org/10.1142/S0129183114500466
https://doi.org/10.1142/S0129183114500466
https://doi.org/10.1142/S0129183114500466
https://doi.org/10.1103/PhysRevE.79.046701
https://doi.org/10.1103/PhysRevE.79.046701
https://doi.org/10.1103/PhysRevE.79.046701
https://doi.org/10.1103/PhysRevE.79.046701
https://doi.org/10.1002/cpa.3160020403
https://doi.org/10.1002/cpa.3160020403
https://doi.org/10.1002/cpa.3160020403
https://doi.org/10.1002/cpa.3160020403
https://doi.org/10.1103/PhysRevLett.80.65
https://doi.org/10.1103/PhysRevLett.80.65
https://doi.org/10.1103/PhysRevLett.80.65
https://doi.org/10.1103/PhysRevLett.80.65
https://doi.org/10.1103/PhysRevE.73.056702
https://doi.org/10.1103/PhysRevE.73.056702
https://doi.org/10.1103/PhysRevE.73.056702
https://doi.org/10.1103/PhysRevE.73.056702
https://doi.org/10.1098/rsta.2011.0061
https://doi.org/10.1098/rsta.2011.0061
https://doi.org/10.1098/rsta.2011.0061
https://doi.org/10.1098/rsta.2011.0061
https://doi.org/10.1103/PhysRevE.65.036309
https://doi.org/10.1103/PhysRevE.65.036309
https://doi.org/10.1103/PhysRevE.65.036309
https://doi.org/10.1103/PhysRevE.65.036309
https://doi.org/10.1016/j.jcp.2013.11.021
https://doi.org/10.1016/j.jcp.2013.11.021
https://doi.org/10.1016/j.jcp.2013.11.021
https://doi.org/10.1016/j.jcp.2013.11.021
https://doi.org/10.1007/s10955-011-0208-9
https://doi.org/10.1007/s10955-011-0208-9
https://doi.org/10.1007/s10955-011-0208-9
https://doi.org/10.1007/s10955-011-0208-9
https://doi.org/10.1016/j.camwa.2007.08.003
https://doi.org/10.1016/j.camwa.2007.08.003
https://doi.org/10.1016/j.camwa.2007.08.003
https://doi.org/10.1016/j.camwa.2007.08.003
https://doi.org/10.1016/j.physa.2017.06.010
https://doi.org/10.1016/j.physa.2017.06.010
https://doi.org/10.1016/j.physa.2017.06.010
https://doi.org/10.1016/j.physa.2017.06.010
https://doi.org/10.1088/0305-4470/39/12/019
https://doi.org/10.1088/0305-4470/39/12/019
https://doi.org/10.1088/0305-4470/39/12/019
https://doi.org/10.1088/0305-4470/39/12/019
https://doi.org/10.1016/j.camwa.2011.08.047
https://doi.org/10.1016/j.camwa.2011.08.047
https://doi.org/10.1016/j.camwa.2011.08.047
https://doi.org/10.1016/j.camwa.2011.08.047
https://doi.org/10.1016/j.compfluid.2016.03.009
https://doi.org/10.1016/j.compfluid.2016.03.009
https://doi.org/10.1016/j.compfluid.2016.03.009
https://doi.org/10.1016/j.compfluid.2016.03.009
https://doi.org/10.1080/14685248.2018.1540879
https://doi.org/10.1080/14685248.2018.1540879
https://doi.org/10.1080/14685248.2018.1540879
https://doi.org/10.1080/14685248.2018.1540879
https://doi.org/10.1103/PhysRevE.81.016702
https://doi.org/10.1103/PhysRevE.81.016702
https://doi.org/10.1103/PhysRevE.81.016702
https://doi.org/10.1103/PhysRevE.81.016702

