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BEYOND PRESSURELESS GAS DYNAMICS:
QUADRATURE-BASED VELOCITY MOMENT MODELS*

CHRISTOPHE CHALONST, DAMIEN KAH¥, AND MARC MASSOT#

Abstract. Following the seminal work of F. Bouchut on zero pressure gas dynamics, extensively
used for gas particle-flows, the present contribution investigates quadrature-based velocity moments
models for kinetic equations in the framework of the infinite Knudsen number limit, that is, for dilute
clouds of small particles where the collision or coalescence probability asymptotically approaches zero.
Such models define a hierarchy based on the number of moments and associated quadrature nodes,
the first level of which leads to pressureless gas dynamics. We focus in particular on the four moment
model where the flux closure is provided by a two-node quadrature in the velocity phase space and
provides the right framework for studying both smooth and singular solutions. The link with both
the kinetic underlying equation as well as with zero pressure gas dynamics, i.e. the dynamics at the
frontier of the moment space of order four, is provided. We define the notion of measure solutions and
characterize the mathematical structure of the resulting system of four PDEs. We exhibit a family
of entropies and entropy fluxes and define the notion of entropic solution. We study the Riemann
problem and provide entropic solutions in particular cases. This leads to a rigorous link with the
possibility of the system of macroscopic PDEs to allow particle trajectory crossing (PTC) in the
framework of smooth solutions. Generalized §-shock solutions resulting from the Riemann problem
are also investigated. Finally, using a kinetic scheme proposed in the literature in several areas, we
validate such a numerical approach and propose a dedicated extension at the frontier of the moment
space in the framework of both regular and singular solutions. This is a key issue for application
fields where such an approach is extensively used.

Key words. Quadrature-based moment methods, gas-particle flows, kinetic theory, particle
trajectory crossing, entropic measure solution, frontier of the moment space.
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1. Introduction

The physics of particles and droplets in a carrier gaseous flow field are described in
many applications (fluidized beds, spray dynamics, alumina particles in rocket boost-
ers, ...) by a number density function (NDF) satisfying a kinetic equation introduced
by [19]. Solving such a kinetic equation relies either on a sample of discrete numeri-
cal parcels of particles through a Lagrangian—-Monte-Carlo approach or on a moment
approach resulting in an Eulerian system of conservation laws on velocity moments
eventually conditioned on size. In the latter case, investigated in the present contri-
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bution, the main difficulty for particle flows with high Knudsen numbers (i.e. weakly
collisional flows), where the velocity distribution can be very far from equilibrium,
is the closure of the convective transport at the macroscopic level. One way to pro-
ceed is to use quadrature-based moment methods where the higher-order moments
required for closure are evaluated from the lower-order transported moments using
quadratures in the form of a sum of Dirac delta functions in velocity phase space (see
[20, 13] and the references therein).

Such an approach also allows for a well-behaved kinetic numerical scheme in
the spirit of Bouchut [2] (see references from [15, 8, 4, 16, 5] to [14, 9, 20]), where
the fluxes in a cell-centered finite-volume formulation are directly evaluated from
the knowledge of the quadrature abscissas and weights with guaranteed realizability
conditions and singularity treatment. Such a quadrature approach and the related
numerical methods have been shown to be able to capture particle trajectory crossing
(PTC) in a direct numerical simulation (DNS) context, where the distribution in
the exact kinetic equation remains at all times in the form of a sum of Dirac delta
functions. Such methods can be extended to partially high-order numerical schemes
[18].

In another component of the literature devoted to multiphase semiclassical limits
of the Schrodinger equation [12, 11, 10], the series of Wigner measures obtained from
the Wigner transform for studying the semiclassical limits can be shown to converge
towards a measure solution of the Liouville equation. Such an equation naturally
unfolds the caustics and can generate the proper multiphase solutions globally in
time. Two approaches have been used to solve this equation with a moment approach,
either the Heaviside closure [3] as it is called in [12, 11], or, the one which is related
to the present work, the delta closure (see [12, 11] and references therein). The
latter leads to a weakly hyperbolic system of conservation laws by taking moments
of a Liouville equation exactly identical to the Williams-Boltzmann equation studies
in gas-particle flows previously mentioned. Such approaches naturally degenerate
towards the pressureless gas system of equations in the context of monokinetic velocity
distributions [16, 14, 13, 17].

Numerical algorithms which simulate such systems of conservations laws with
the related delta closure or quadrature-based closure have been proposed in [12, 11]
and [6] independently, from the work for [2, 15] using a naturally kinetic scheme
with finite volume methods. However, many issues must still be tackled in order
to reach fully high order numerical schemes that preserve the vector of moments
inside or at the frontier of the moment space, thus leading to several possibilities
of degeneration from a given number of abscissas to a lower number of abscissas.
In fact, such models are meant to capture a given level of complexity in the phase
space which is fixed in advance by the number of moments and related quadrature
nodes. In some particular situations, for perfectly controlled dynamics, it can be
guaranteed that the solutions will remain smooth and consist in a free boundary
value (contact discontinuities) problem where boundaries separate various numbers of
quadrature abscissas. However, in most cases the numerical schemes have to tackle the
possibility of singular solutions when the complexity of the dynamics goes beyond the
one allowed by the model. In such cases the solution of the resulting system of PDEs
is the viscosity solution and does not reproduce the exact dynamics in phase space.
This induces the formation of measure singular solutions, for which we need a precise
framework. More specifically, even if [1] had set the correct mathematical background
to define general entropic solutions for the pressureless gas system, such a work had
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not yet been performed for higher order moment methods in the cited publications and
no rigorous link has been provided between these and the zero pressure gas dynamics.
This is the purpose of the present contribution for both theoretical and numerical
points of view.

The paper is organized as follows. First we introduce the quadrature-based or delta
closure velocity moment models for kinetic equations and focus on the four moment
model in order to generalize to what can be done to higher orders, but which would be
difficult to expose due to algebraic complications. The behavior at the frontier of the
moment space is characterized as well as the mathematical structure of the system
of conservation laws. We then define entropy conditions and provide, for smooth
solutions, the one-to-one kinetic-macroscopic relation. We then tackle the Riemann
problem and define entropy measure solutions. Three examples of piecewise linear
and singular solutions are then provided for which we rigorously identify the entropic
character of the solution and which are then reproduced numerically.

2. Quadrature-based velocity moment models for kinetic equations
Consider the solution f= f(¢,z,v) of the free transport kinetic equation

O f+v0,f=0, t>0,zeR,veER, f(0,z,v) = fo(z,v). (2.1)

The exact solution of this equation is given by f(¢,z,v)= f(0,2 —vt,v) = fo(x —vt,v).
Defining the i-order moment M; :fvf(hx,v)vidv, i1=1,....,N, N €N, the associated
governing equations are easily obtained from (2.1) after multiplication by v® and
integration over v, and are

(9tMi+axMZ‘+1 :O, ZZO
For the sake of simplicity, but without any restriction, we will focus our attention
hereafter on the four-moment model

Oy My +0, My =0,
O My + 0, My =0,
Oy Mo+ 0, M5 =0,
0y M3 —&—&CE:O

(2.2)

It will be convenient to write (2.2) under the following abstract form
M+ 9, F(M) =0, (2.3)
with M = (Mo,Ml,MQ,Mg)t and F(M) = (Ml,Mg,Mg,m)t.

2.1. Quadrature inside the moment space. This model is closed pro-
vided that My is defined as a function of M. In quadrature-based moment methods,
the starting point to define this closure relation consists in representing the veloc-
ity distribution of f(¢,z,v) by a set of two Dirac delta functions, that is a two-node
quadrature:

f(t,x,v) =p1 (t,x)é(v —Uu (l’,t)) +p2(t7x)5(v _UQ(xvt))v (24)

where the weights py(t,2) >0, p2(t,z) >0 and the velocity abscissas vy (¢,), va2(t,z)
are expected to be uniquely determined from the knowledge of M(z,t). Dropping the
(z,t)-dependence to avoid cumbersome notation, such a function f has exact moments
of order i =0, ...,4 given by p1vi + povi. The next step then naturally consists in setting

My = prvi+ pavs, (2.5)
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where p1, p2 and vy, vo are defined from M by the following nonlinear system:

Mo = p1+p2,

M = prvg + pave,
My = prvi+ pav3,
Mgzpﬂ}%-i-pgvg.

(2.6)

Lastly, it remains to prove that this system is well-posed, which is the matter of the
next proposition. We refer to [12, 11, 6] for the proof.

PROPOSITION 2.1. System (2.3)-(2.5)-(2.6) is well-defined on the convex phase space
Q, also called the moment space, given by

Q={M= (Mg, My, My, Ms)", My>0, MoMy— M} >0}.

Moreover, setting U= (p1,p2,p1v1,p2v2)t, the function U=U(M) is one-to-one and
onto as soon as we set for instance v >vs. Moreover we have 0< py <My and 0<
p2 < M.

Proposition 2.1 can be extended to the more general case of a 2k-moment model,
k>1. The velocity distribution is represented in this situation by a set of k Dirac

delta functions, leading to M; = Zle pjv;, 1=0,...,2k—1, and Moy = Z?zlpjv?k.

2.2. Hyperbolic structure inside the moment space. = The two-moment
model, corresponding to k=1 (one-node quadrature), is

Ogp~+ 0z pv =0,
Oy pv+ 0, pv? =0,

which is the well-known pressureless gas dynamics system. Recall that this model
is weakly hyperbolic (the Jacobian matrix is not diagonalizable) with v the unique
eigenvalue, the characteristic field being linearly degenerate. Since there can be areas
in the solution where a single quadrature node is sufficient at the frontier of the
moment space in order to describe the dynamics, the solution in such zones will satisfy
the previous system of two conservation laws. However we will first work inside the
moment space and leave the behavior at the frontier for the next subsection.

Actually, we will observe in the course of the next section that the four-moment
model (2.3) is equivalent for smooth solutions (only) to two decoupled pressureless gas
dynamics systems associated with (p1,p1v1) and (pz2,pav2) respectively. Then (2.3) is
expected to admit two eigenvalues v; and ve and to be weakly hyperbolic with linearly
degenerate characteristic fields, as stated in the following proposition.

PROPOSITION 2.2. ([12, 11]) System (2.3)-(2.5)-(2.6) is weakly hyperbolic on Q and
admits the two eigenvalues v1 and v, v1 #vy. The associated characteristic fields are
linearly degenerate.

Proof. For the sake of completeness, we propose here a direct proof of the
eigenvalues v1 and vs of (2.3)-(2.5)-(2.6). By (2.6), we first easily get

My =p1+p2,

M —U1M0:P2(U2 —U1)7
M —vi My = pava(v2 —v1),
M3z —v1 Ma = pyv3 (v2 —v1),
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and then, setting o9 =v1v2 and o1 = —(v1 +v2),

Mo My \ (o0 _ (M

M1 MQ g1 o M3 ’
This system is invertible in the phase space Q (MoM;— M?#0) and uniquely defines
oo and oy with respect to M:

(o)) _ 1 M1M37M22 (27)
o1 MoMy— M2 \ MiMz—MoMs ) '

Then, we have

My = prv} +pavs
= p10}v1 + pavivy (2.8)
= (P10} 4 p2v3) (V1 4 v2) — (p10F + p203)v102 '
= =Moo — M3zo1,

which finally gives M, with respect to M. The Jacobian matrix J = VF is given by

0100 a=0n, My,
|oo010 . b= 0, My,
I=1oo01 | With ¢ =0, My,
abced d:aA{3M4.

Using (2.7) and (2.8), the calculations of the last row coefficients eventually lead to

0 1 0 0

0 0 1 0

J= 0 0 0 1
—08 —20001 —QUO—U% —201

Finally, the characteristic polynomial p(\) of J is easily shown to equal

PN =(A=v1)*(A—v2)*.
This concludes the proof. 0

Propositions 2.1 and 2.2 show that system (2.3)-(2.5)-(2.6) is well-defined and
weakly hyperbolic only on €, which gives in particular v; #vs in the interior of the
moment space. At a first glance, this might appear to be restrictive in the sense that
one of the main objectives of the model is to allow particle trajectory crossing, that is
in particular to deal with initial data consisting of two colliding particle packets such
that v1 = vy at each point initially (see for instance Section 7). Thus, in the last part
of the present section, we characterize the behavior at the frontier I' of the moment
space when My>0: I'= {M: (Mo,Ml,Mg,M3)t, Moy >0, MoM, —M12 :0}

2.3. Behavior at the frontier of the moment space. As mentioned previ-
ously, it is rather natural to envision the coexistence, in a single smooth moment solu-
tion, of zones where the number of quadrature nodes are different. More specifically,
we will examine the coexistence of zones where only one quadrature node is needed
(’Ul :Ug), that is where M = (Mo,Ml,MQ,Mg)t with MO >0 and MOM2 7M12 :0, and
zones where MoM, — M? >0 which are inside the moment space 2, whereas the vector
of moments are smooth everywhere.



1246 QUADRATURE-BASED VELOCITY MOMENT MODELS

After easy calculations in terms of p1, p2, v1, and ve, the latter equality MyMs —
M?=0 writes ppa(vi —v2)?=0, so that if the vector (py,p2,p1v1,p2v2)! exists, this
actually corresponds to the case v:=wv; =wvy (still under the assumption p; #0 and
p2#0) or to the case where one of the weights is zero. We also note that in both
cases M, = Myv*, whatever k is in this case, so that the whole set of moments should
be provided once My and M are given, in close connection to the case of pressureless
gas dynamics. There are in fact two possibilities:

o M= (My, My, My, M3)" is such that MoMs— M;My#0: in this case (2.6)
cannot be solved and the vector (p1,p2,p1v1,p2v2)! does not exist;

o M= (My, M, Ms,Ms3)" is also such that MyMs— My M, =0: in this case (2.6)
can be solved and we have v=wv; =vy=M;/My, together with p; and po
defined by the one-parameter equation p;+ps=»My. As we will see just
below, the choice p; =pa=My/2 is the most natural one when we have to
deal with an isolated point at the frontier of the moment space.

In order to justify the choice p; = po = My /2, we first observe that both conditions

{ MoMy— M? =0,
MoMs — M M5 =0,
are equivalent to conditions

e=0, where e=MyMs— M2,
qu, qz(MgMg—M?)—ng(MoMQ—M%),

and we consider p1, pa, v1, and vy as functions of (My, M,q,e) with My >0 and e > 0.
We then propose to study the asymptotic behavior of these functions when e — 07,
considering that My >0, M;, and q are fixed. Note that I'={(My, Mi,e,q)t, My>
0, e=0}. We get the following result.

LEMMA 2.3. Let My>0, My, and q be given. Then we have

My if ¢>0, 0ifg>0,
lim+p2: 0 ifq<0, 11m+,01 - MO Z.fq<05
e—0 % quzo’ e—0 % qu:O,

i ifg>0, +00 if ¢>0,
lim vo=¢ —o0 if ¢<0, lim v = %ifQ<Ov

e—0+ My - -0 e—0t M, -0
TIO qu_ ) ﬁo qu_ )
My if ¢>0, 0ifg>0,
lim+p2v2: 0ifg<O, lim+p1v1 =<¢ My if ¢<O0,
0 . 0 .
e %zfqzo, e %zfqzo.
IThe definitions of e and g naturally appears when we notice that after setting p; = 16710’ Do = 16720,

T =v1 — %, Ty =wvg — %, solving (2.6) is equivalent to solving
1=p1+ps,

0=p1v1 + P32,
e=p10] +P273,
q=p10} + P25,

with e = (MM — M2)/M@ and q= ((M3sM2 — M3}) —3M1(MoMa — M32))/M§3.
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Proof. The admissible change of variables (Mg, M7, My, M3)— (Mo, Mi,e,q)
allows to write, after easy calculations,
_%+q+\/q2+4e3 _Moe(leU—Ml)

1T, oMoe R

and if ¢#0,
o1 — %_1_ q (1+szgn(q)\/ 1+4e3/q2) _ Moe ’UlMO —M1
T My Mye 2 T Gignla)Viraei@ )

where we have set 1if ¢>0,

signla) = { ~1if ¢<0.

It is then an easy matter to get the expected results distinguishing between the three
cases ¢ <0, ¢>0, and g=0. It is then clear by a continuity argument that the proposed
choice p; =py = My/2, when e=¢=0, is actually natural. O

An important consequence of this lemma is that in the half plane e > 0, the region
close to the frontier I' for a non-zero q corresponds to abscissas going to infinity with
arbitrary small weights. Moreover, when the velocity distributions at the kinetic level
have compact support in the initial distribution, such a property will be preserved in
the dynamics of the system and we want to be able to switch continuously from two-
node to one-node quadrature without pathological behavior on abscissas and weights.

Let us provide a first example where such a behavior is present. We consider a
path in the moment space parametrized by the variable z, such that p; =23, ps =1,
vy =1/, and v=0. As x approaches zero, the smooth moment vector M= (1+
23,2%,2,1)! has a very regular limit at the frontier of the moment space along the
lines presented before with an unbounded abscissa. Indeed we have here e=xz and
g=1—2123 approaches the fixed non-zero value of 1. Note that if we replace the first
weight by p; =2*, we still have an unbounded abscissa even if we converge toward
the point (0,0) in the (e,q) plane (e=22,g=x(1—z%)).

We thus have to find a framework in a subset of the plane (e,q) such that
the limits are better behaved. A natural choice presented above is the line ¢=0,
but it this too restrictive. In order to naturally introduce the relevant subset of
Q, let us consider the other example with p; =az?, po=1, vi=~2%, and vy =0,
with a>0, y>0, 8>0, and §>0. As z approaches zero, the moment vector
M = (1+ax? ayzP+0 ay?eP+2° ay32P+3%) reaches the frontier T' of the moment

space?. Two cases are interesting; firstly when B=0, we reach the point (0,0) in

the (e,q) plane asymptotically along the line g/e3/?=(1—a)/a'/? and no weight is
approaching zero, whereas the two abscissas are joining (see the formulas in the proof
above). Secondly, when § =0, one of the weights is reaching zero, whereas the two
abscissas remain different at a distance of vy at the limit and we reach the point (0,0)
in the (e,q) plane asymptotically along the line q/(Mpe) =+~ at the limit £ —0 (see
again the formulas in the proof above). We will prove in the following proposition
that the proper framework is a symmetric cone in the (e,q) plane centered at the point
(0,0) corresponding the |q/(Mye)| <7, where 7 is a measure of the maximal distance
allowed between the two abscissas.

2The corresponding values of e and ¢ are e=ay2z#12% and ¢= a73x5+35(1 —041’5).
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DEFINITION 2.4 (Regular path). We define a regular path parametrized by x
in the moment space to be a path My, = (Myy, M1, Mo, Ms,) which admits a limit
as = goes to zero and is at least C* up to the limit My. Moreover, we define its
reduced second and third order moments ez:MowMQI—MIQI and ¢y = (M3, Mo, —
M3,) —3My (Mo My, — ME,). Its limit further satisfies eg = e,—0 =0 and we assume
€x>0>0, Mo, >v>0, and |q./(Mozer)| <n, where n>0.

PROPOSITION 2.5. We then have the following properties:

e lim; ,0q. =qo=0.

e the weights and abscissas admit limits p;o =limg 0 pPiz, Vio=limy ,0v;y. If
we assume that p;o >0 for both i, then vig=wvaq, or, if one weight approaches
zero, such as p1o=0 then we have |v19—v20|<n and n is then a bound on
the distance between the two abscissas.

o Mg = (Moo, Mo, M2y/Moo, M3y /Mgyt

Proof. 1t is first clear that lim, 0, =¢qo=0 since |¢.| <nMo, e, and eg=0.
Then, easy calculations give

q? de

V1 —UVo =4[] —5—=+—5

1 2 M02€2 + Mg )
so that by denoting [ =lim,_o|q:|/(Mozes) >0 we clearly have vy, — v, —1 when
x— 0, and 7 represents an upper bound for vyg—vsg. Let us now distinguish between
the cases >0 and [=0. We first note the following expression for q/(Mpe):

Mye (w1 —w2)(v2—w1), wi=pi/My, witwr=1.

If [ >0, one can write

1

X X Moz,
|U1z _UQJ:‘

P12 — P22]

| %
MOI €x

and this quantity clearly tends to Moo as x goes to zero. Which means that one weight
approaches zero, p19=0 or p2g=0, and the other one My (with p1z+p2. =Mo,).
If 1=0, it is clear by the formula for v, (see the proof above),

M, +q+\/q2+4e3

U= Mg 2M06

that v19 =v20=M10/Mpo. Using now the definition of p; and ps (see again the proof
above), one easily gets

_p2_ \/1+4e?/q* +sign(q) b P V1+4e3/q? —sign(q)

My o/1+4es/g2 My 2/1+4e3 /2

so that both weights have limits depending on the limit of q/e3/2.
Clearly, Mg = (Moo, M10, M%,/ Moo, M,/ ME,)t, which completes the proof. 0

w2

A very important consequence of the previous proposition is the fact that along
smooth paths inside the proposed cone which reach the point (0,0) in the (e,q) plane,
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the flux introduced in equation 2.3 is regular up to the frontier of the moment space,
even if the mapping of M onto U is not3.

PROPOSITION 2.6. For any regular path in the moment space satisfying the assump-
tions of the previous proposition, that lives in the proper cone in the (e,q) plane and
smoothly reaches the point (0,0), the flur F(M) is continuous up to the frontier of the
moment space and C' at (0,0) in any direction inside the proposed cone.

Proof.  The proof is rather straightforward when one has noticed the two equa-
tions, the first of which is the expression (2.8) of My=—09 My —01 M3 as a function
of My, M3, 0y, and o1, and the second is the expression of oy and o7:

2
o0 q My, (M e
o MoeMo MO Mg
g1 _ 4 ,2%
M06 MQ

Finally, following the same lines for the evaluation of the Jacobian matrix of the
flux (see matrix J in Section 2.2), it becomes clear that the flux is continuous and
continuously differentiable in any direction inside the proposed cone. Besides, it can
be easily seen that the expression of the flux as a function of (Mg, M1,e,q)! becomes

My (g M (M e N[ e (MY
Moi MQ€M0 MO Mg Mg MO
3
q Ml q M1 M1 e
22 )| ==+ () 4307 — .
<M0€+ M()) <M5’+<M0) + MO M02>

My /My tends to (Myg/Mgo)* when e goes to 0T, which concludes the proof. 0

REMARK 2.1. Let us emphasize that in the various configurations we have proposed
when the convergence toward the frontier of the moment space does not lie inside the
cone |gz/(Myze;)| <n in the (e,q) plane, the flux can dramatically loose regularity.
It can either have a limit without being differentiable or even not have a limit at
all. The impact of the previous proposition thus becomes clear and sets the proper
framework for solutions which will reach the frontier of the moment space.

REMARK 2.2. In the case My >0, at the frontier of the moment space within the
previous proposed framework, we have e=0, ¢=0; the model is made of the two
unknowns My and M; and then degenerates to the usual pressureless gas dynamics
which are weakly hyperbolic with a single eigenvalue v= M;/Mj. It should be noted
that for smooth solutions, the last two equations of system 2.2 on My = M2/M; and
Mz = M3} /M are still satisfied with My = M; /Mg coherent with the previous limit
obtained for the flux. As a consequence, we can notice, that at least for smooth
solutions, the system of partial differential equations (2.2) can describe the dynamics
inside and at the frontier of the moment space.

3The mapping of M onto U will never be smooth at point (0,0) in the (e,q) plane since the
limit of U will depend on the limit of ¢/(Mope), whereas the limit value of M in the proposed cone
is always fixed.
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3. Entropy conditions

In this section, we will work in the interior of the moment space and we exhibit
natural entropy inequalities for the following small viscosity system associated with
(2.2):

a151\40 +8¢M1 :681'.'L'M07
6,5M1 +6rM2 :5611M17

atMQ +amM3 :Easz% (31)
8tM3 +8xM4 26(9sz37
which gives in condensed form
M+ 0, F(M)=¢0,,M. (3.2)

Throughout this section, we will consider smooth solutions only. We thus have
oM +IJ0,M=¢c0,,M with J=VnuF.
Setting A =VyM, we then get
OU+AT'JAD, U=cA"10,(A0,U). (3.3)

Our objective is to prove that
8t77+8:cq S gazmna (34)

for a natural choice of (n,q) given by

n=p15(v1)+p25(va),
{QZP1U1S(U1)+p2ng(U2). (3.5)

Here S denotes a convex function from R to R, and we will especially consider the
case where S(v)=v%% a>0. Of course, the densities p1, py and velocities vy, va
involved in (3.5) are naturally defined by means of the one-to-one and onto function
U=UMM). In the following and with a little abuse of notation, we will consider
without distinction 1 and ¢ as functions of M or U.

We first observe

on+0,q = 0n(U)+0,¢(U)
= VunﬁtUJrVUanU
— Vun{—A-1JA,U+:A18,(A0,U)}+Vygd.U.

The following two lemmas, the proofs of which are left to the reader, will be useful in
order to estimate the entropy dissipation rate D defined by

D=Vun{-A"'JAI,U+cA19,(A0,U)} +Vyqd,U.

LEMMA 3.1. The matrices J, A, and A"'JA are given by

0 1 0 0
0 0 1 0
J= 0 0 0 1 ’

—v33 20102 (v1 +v2) —201v9 — (V1 +v2)? 2(v1 +v2)
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1 10 0 0 0 1 0

_ 0 0 1 1 17| O 0 0 1
A= —v —v3 201 209 |’ AT JA= —v? 0 2v; 0
—2v3 —2v3 3v} 3v3 0 —v2 0 2vy

LEMMA 3.2. The gradients Vyn and Vyq are given by

t ’ t

S(v1) — o1 (v1) —03S'(v1)
_ | S(v2) =25 (v2) _ —v35 (ve)
Vo= S (v1) Vo= S(vl)j—vlS:(vl) ’
S (112) S(v1)+v15 (’Ul)

and we have

Vug=VunA~lJA.

Before proceeding, let us make the following two remarks. We first note that thanks
to the first Lemma (3.3) with € =0 inside the moment space,

O¢p1+0rp1v1 =0,
O¢p2+0rp2v2 =0,
D¢ prv1 — 030, p1 + 2010, p1v1 =0,
Oy pava — 030y pa + 2020, pav2 =0,

which is equivalent to

0¢p1 +0yp1v1 =0,
Oy p1v1 + 0z p1v? =0,
Op2+ 0y p2v2 =0,
3tp2v2 +8Ip2v§ =0.

(3.6)

Besides, at the frontier of the moment space, we obtain the pressureless gas dynamics
on a single quadrature node. We then observe that for smooth solutions, thanks to
the remark at the end of the previous section, system (2.3) is nothing but either
two decoupled or one single pressureless gas dynamics system of equations. We then
observe that still with e=0, D=0, Lemma 3.2 gives

in both cases, for any smooth solution both inside and at the frontier of the moment
space.

Let us go back to the case € >0. We thus have the following equality:
D=cVynA~19,(A0,U),
from which it is natural to isolate £0,,n:

D = cVynA~19,(A0,U)
= EVUnangU—&—eVUnA‘lawAawU
= a@x(vun&cU) — &0, (Vun)8$U+sVU77A‘18$A8$U
= E@wwn—&-E(VUnA_lawAawU—@D(VUT))&CU).
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By Lemma 3.2, we easily get
0:(Vumd,U=p1(0,01)°S" (1) + p2(9z02)*S” (v2).
We now calculate VuynA~=19,A0,U=A"t(Vyn)'d,Ad,U. Observe first that

0
0
2p1(05v1)% +2p2(0zv2)* |’
6101 (0501)? 4 6p2v2(9,v2)?

0;A0, U=

so that only the last two components of A~¢(Vyn)! are actually needed. Finally, easy
calculations not reported here lead to

1
A_t(VUn)tamAamU = —74(2p1 (8zv1)2X1 +2ps (8zv2)2X2),

(v1 —v2)
where we have set

= (01 —v2)2(3(8 ))72@1*@2)5*’(@1)*(@1fvz)s'(w)),
Xo=— (vl—v2)2(3(5( D S(vg))—(vl—vz)s’(vl)—g(vl—vz)s’(w)).

The entropy inequality (3.4) is then valid if and only if
VUnA_lawAﬁwU — 8I(VU77)8$U <0,

that is, setting S; = S(v;), S; =S (v;), and S; =8" (v;), i=1,2,

1"

(v1 —2)2p1(9pv1)? (6(5’1 - Sg) —4(vy —’1)2)51 —2(vy _’02)8; +(v1 —v2)25] )

+(U1 — U2)2p2(8m’l)2)2 (—6(51 - Sg) —|—2(U1 —'UQ)S; +4(U1 — UQ)Sé + (Ul — U2)2Sg)
> 0.

(3.8)
A sufficient condition is given by
{ 6(31 — SQ) —4(’01 —Ug)Si/— 2(’01 —’02)5;/—"- (?}1 —’U2)251/HZ 0, (3 9)
—6(51 — 52) +2(U1 —UQ)SI +4(1)1 —’UQ)SQ + (’Ul —’02)252 >0. '

Let us focus for instance on the first inequality (the second one is treated in a similar
way), and let us consider the left-hand side as a function of vy, for any given v;:

fl (’02) :6(51 — 52) —4(’01 —’02)51 — 2(’[)1 _UQ)S; + ('Ul —U2)2Sf.
Differentiation yields

Fy(v2) =4(S) — S5) —2(vy — Uz)(SI//NﬂL S5),

7y (02) =2(S] = 8) = 2(01 —12)S}
.7:1 (’U2)22(’U2—’01)52 .

It is then clear that Fj(vy)=F(v1)=F, (v1)=F, (v1)=0. Then, provided that

1111

S (v) >0, Vv, we easily get by a chain argument based on the sign of the derivative
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and the monotonicity property that Fj(ve)>0, Vvy,v3. We have thus proved the
following proposition:

PROPOSITION 3.3.  Smooth solutions of (3.2) satisfy the entropy inequality (3.4)
for any entropy entropy-fluz pair (n,q) defined by (3.5) provided that v— S(v) is a
smooth function from R to R with nonnegative fourth-order derivative. In particular,
the natural choice S(v)=v** with a>2 is suitable.

REMARK 3.1. Any third-order polynomial may of course be added to the leading
term of S, without changing the sign of the fourth-order derivative. However, if we
focus on (strictly) convex functions v — S(v) in order to get a (strictly) convex entropy
n=n(U), only first-order polynomials may be added without changing the convexity
property.

REMARK 3.2. If we consider S(v)=1,v,0%,0v3, it is easily checked that (3.9) holds
true with two equalities. In agreement with (3.1), these choices that lead to the pairs
(n,q9)=(M;,M;4+1), i=0,...,3, are admissible.

REMARK 3.3. In the case My >0, e=0, ¢=0 with the additional conditions associ-
ated with the connection between the interior and the frontier of the moment space
presented in Subsection 2.3, we clearly have My lek/Mé“_l. In this case, the en-
tropy pairs clearly work also in such a case, for smooth solutions, and admit a smooth
behavior at the frontier of the moment space in the cone we have defined previously.

4. Kinetic-macroscopic relation for smooth solutions

For smooth solutions, we established in the previous section that the four-moment
model (2.2) is equivalent to the following two decoupled pressureless gas dynamics
models

0¢p1+0zp1v1 =0,
ip1v1+Opp1vi =0,
atp2 —|—8l-p21}2 =0,
Oy pavg + Oy pav3 =0,

(4.1)

where p1, p2, v1, and v are defined by the nonlinear system (2.6). The aim of this
section is to prove a rigorous equivalence result, still for smooth solutions, between this
macroscopic model and the free transport kinetic formulation (2.1) when the velocity
distribution is given by a set of two Dirac delta functions. This result is nothing but
a generalization of the one given in [1] for the usual pressureless gas dynamics model.

PROPOSITION 4.1. Let T >0 and p;(t,z), vi(t,z) in C*(J0,T[xR) for i=1,2. Let us

define 9

ftz,0)=>_ pi(t,2)d(v—v;(t,x)).

i=1
Then, p; and v; solve (2.2), or equivalently (4.1), in ]0,T[xR if and only if
O f+v0,f=0, in ]0,T[xRxR (4.2)

in the distributional sense, i.e. if and only if V¢ € C*(]0,T[xR) and x € C(R),

T 2
/O /]R ; pi(t.2) (6 (t.2) + 01 (1,2),6(1.2) ) x (v (a.)) =0, (4.3)
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Proof.  Let us first assume that (4.3) holds. Since the velocity functions v;
are in particular locally bounded, one can successively choose x € C°(R) such that
x(v)=v*, k=0,...,3 for all v=uv;(t,r) and then get

T 2 .
[ [ et (auota) +vtaranott) (uie) =0

for all ¢ € C°(]0,T[xR). Invoking the closure relation (2.6), this gives the four-
moment model (2.2), or equivalently (4.1), as p;(t,x) and v;(¢,x) are smooth functions.
Conversely, let us assume that the partial differential equations of (4.1) are satisfied.
Using the mass conservation equations, it is then usual to show that for i=1,2,

Pi (6151)1‘ +v13mvi) =0,
and then multiplying by x’ for any smooth function Y,

Orpix (Vi) + Oz pix (vi)vs =0.

Summing over ¢ =1,2 and integrating past a test function ¢ € C2°(]0,T[xR) gives the
expected result (4.3). This concludes the proof. |

This proposition allows, as a corollary, to introduce a particular type of solution
which will be called piecewise free boundary C' solutions. Such solutions correspond
to a discontinuous connection from the interior of the moment space to the frontier
through a contact discontinuity for which the Rankine-Hugoniot solutions are trivially
satisfied as well as the entropy conservation equation (3.7).

COROLLARY 4.2.  We consider the following distribution at the kinetic level:
ft,x,v) :Zle pi(t,z)0(v—wv;(t,x)), where pi(t,x) >0 and v1(t,x) are taken as con-
stants (or sufficiently smooth in some time interval), whereas po(t,x) is zero except in
a compact connected subset Ko at time t=0 of R, where p2(0,2) >0 and v2(0,z) are
two constants (or sufficiently smooth in some time interval) such that va#vy. The
resulting solution at the moment level exhibits two discontinuities at the frontier of the
compact set K; which is the translation of set Kg at velocity va; however the system
4.1 as well as the entropy conservation equation (3.7) are satisfied in the weak sense,
that is the equations are satisfied in the usual sense where the solution is smooth and
the Rankine-Hugoniot conditions are satisfied at points of discontinuity.

Proof. Clearly, the moment solution will satisfy the system of conservation
equations everywhere except at the frontier of the K; set. The Rankine-Hugoniot jump
conditions are trivially satisfied at the discontinuities where the mass flux associated to
the first abscissa is p;(v1 —v3) in the referential of the discontinuity and leads to zero
jump conditions for the part of the flux associated to the first abscissa by continuity,
whereas the mass flux associated to the second abscissa is zero, as usual in contact
discontinuities, which also allows us to conclude the argument. The same reasoning
allows us to conclude that for any entropy-flux pair, the conservation equation is
satisfied in the weak sense. 0

Let us emphasize the fact that in the region where the second weight is zero
outside the compact set K;, we have used so far the convention that in such a region
where a single quadrature node is to be found, the two weights are equal and the
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two abscissas are equal. The results proposed in the previous corollary are of course
independent of such a choice since the point at the frontier of the moment space is
isolated. Besides, such a corollary can be extended to as many quadrature nodes as
needed as long as the number of nodes allows to describe the dynamics at the kinetic
level at any point and time. Finally, the collision of two particle packets presented
in Subsection 6.1 satisfies the assumptions of Corollary 4.2 and will be an entropic
solution.

5. Riemann problems and entropic measure solutions
In this section, we focus on the Riemann problem, which is associated with the
initial condition for two constant states My and Mg in :

B M if <0,
M(z,0) = { Mp if >0, (5-1)
The solution of (2.3)-(5.1) is sought in the form
M (t)d(z—opt) if z=0pt,
M(z,t)=¢ M, ifopt<z<ogt, (5.2)
M4 (t)6(x —ort) if z=0pt,
Mg if x > oRt,

which corresponds to the juxtaposition of two Dirac delta functions with mass M%
and position z —ogt, f=L,R, and separated by a constant state M, in 2. Here,
op denotes a real number, we have mg(t) >0, mg(0)=0, and f=L,R, and M%(t) is
defined by

MY (t) = (5.3)

We introduce the following natural definitions of (entropic) measure solutions.

DEFINITION 5.1.  Let n=p15(v1)+p2S(ve) and q=p1v1S(v1)+pavaS(ve) with
S(v)=v?*, aeN. We say that (5.2) is a measure solution of (2.3)-(5.1) if and
only if Om~+09.q=0 in D (]0,00[xR) for S(v)=v2* with a:O,%,l,%, that is for
(n,q)=(M;,M;41), i=0,1,2,3. We say that (5.2) is an entropic measure solution of
(2.8)-(5.1) if and only if Oym+0,q <0 in D (]0,00[xR) for S(v) =v>** witha=0,1,1,3
and o> 2.
We can prove the following equivalence result.
THEOREM 5.2. The solution given by (5.2) is a measure solution of (2.3)-(5.1) if and
only if

or(Mp—M,)t— (F(Mp)—F(M,))t+Mj (t)=0,

(5.4)
or(M, —Mp)t— (F(M,) — F(Mpg) )t + M () =0,

The solution given by (5.2) is a entropic measure solution of (2.3)-(5.1) if and only
if in addition, for all S(v)=v%* with a>2,

or(n(Mp)—n(M,))t— (¢(Mg) —q(M,))t+n(Mj3 (t)) <0, 655)
5.5
or(n(M,) —n(Mg))t — (¢(M,) —g(Mg))t+n(M5(t)) <0,
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Proof.  We first recall that 9,1+ d,q=0 in D' (]0,00[xR) means that for any
smooth function with compact support ¢ € C2°(]0,00[xR), we have

<O+ 0:q,p>=— <N, 0p>— < q, 0,0 >=

— 17 f7 n(z,t)0yp(x,t)dxdt — [ f7 q(z,t)0zp(z,t)dzdt =0,

where, by Definition (5.2),

77(ML)7 .7J<O'Lt, q(ML), .7J<0Lt,
n(M‘i(t))é(m opt), z=opt q(M‘z(t))é(x—ULt), r=ort,
n(z,t) =< n(M,), op<$<ogr, q(z,t)=4¢ q(M,), or <§<0g,
n(M%(t))c;(x—aRt), r=0Rt, q(M%(t))c;(x—aRt), r=0Rt,
77(MR)7 33‘>0Rt7 q(MR), x> oRt.

Here we note that q(M% ()= agn(M%(t)) with n(Mg (t))=mgp(t)S(os), B=L,R. For
all ¢ € C°(]0,00[xR) we thus have

<On+0.q,0>
[e’e] ort [e’e]
= —/ dt/ n(Mp)0sp a:,t)dm—/ n(MS (£)dyp(opt,t)dt
0

/ dt/ M,.)0vp(z,t)dx — / n(M% (1)) 0pp(o Rt t)dt
O'Lt 0
/ dt/ n(MRg)Orp(z,t)dr — dt/ Mp)0,p(x,t)dx
0 oo

- | e @).plontai /mt/J Oupl,t)
*/0 (Mﬁ())x@URttdt*/ t/q )Owp(,t)d,

that is, using in particular q(M‘fB(t)) :aﬁn(Mg (1)),

<O+ 02q,0>

= —/Ooodtn(ML)(jt/Zt(p(I7t)dI—0L@(t70Lt)) —/Oooq(ML)go(th’t)dt

_/Ooodtn(M*)(;l/ jtgo(a:,t)dx—aRgo(t,aRt)—i—aLgp(t,ULt))

o
oL

=

o0

a(ML) (¢(ort,t) —p(ort,t))dt

o0

J
i

)
M) (5 [ eleddrrorp(tonn)+ [ aMetontod
| o) et e~ [ a0 etore ol

M
din(
M
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:/Omw(@t t)(aLn(ML)_q(ML))dt+/o°°¢<URt,t)(aRn(M*)—q(M*))dt
/OOCSD ort,t)( ULW(M )Q(M*))dt/oooMURtJ) (crN(MR) —q(Mg))dt
- o) et [ a0 § etont ol

/OOO<P(0LH)( L(n(M) —n(M,)) = (g(My) —q(M.)))dt

n / " oot t) (o (n(M.) —n(Mg)) — ((M.) — g(Mg))) dt

- | o) Glelont ol [ a0 letont.old

= [ elontt) G (o1 0ML) (ML)~ (a(M2) ~ (ML)t (M (0))

+ [ elomt) G m(n(M.) = n(Ma))t— (ML) ~a(M))t+ n(MR()

Then, since mg(0)=0 and n(M%(O)) =0, 8=L,R, it is clear that (5.2) is a measure
solution of (2.3)-(5.1) if and only if (5.4) is valid for all ¢ >0, and an entropic measure
solution if and only if in addition (5.5) holds for all t >0 and all n=p;S(v1) + p2.S(v2)
and g=p1v1S(v1) + p2v2S(ve) with S(v)=0v2%, a>2. O

REMARK 5.1. Let us recall that n(M% (t))=mgp(t)S(os). Since (5.5) is made of

equalities when S(v)=1 and S(v) =v (we get in these cases the first two components
of (5.4)), the validity of (5.5) for all S(v)=v2%, a>2, is equivalent to the validity of

o (n(Mr) —n(M.)) — (¢(Mr) —q(M.)) <0, 56
5.6
or(n(M.) =n(Mg)) — (a(M.) — ¢(Mg)) <0,

for all S(v)=v?* —03¥ L=0R _ 520 VZOL o >2
L O —0OR R aRfo'L’

6. Examples of entropic solutions

In this section, we propose three particular entropic solutions. The first one mod-
els the collision of two packets of particles with a free boundary C' smooth solution,
that is a solution for which an exact link with the kinetic level is preserved and for
which the entropy equation is exactly satisfied. In such a situation the four-moment
model does not develop d-shock Dirac delta functions and is actually able to properly
represent the crossing of the two packets which correspond to the dynamics at the
kinetic level. The second one models the collision of four packets of particles. In this
case and as expected since the number of moments is set to four, the entropic solutions
involves two d-shock Dirac delta function singularities. Whereas the first case corre-
sponds to a connection from the interior of the moment space to the frontier through
a contact discontinuity, or free boundary solution, resulting in an isolated point at
the frontier, we consider in a third example a smooth connection to the frontier of
the moment space, such that the point at the frontier is an accumulation point of a
trajectory inside the moment space.

6.1. Collision of two packets of particles. = We consider a Riemann initial
set of data (5.1) where M, =M(U}p) and Mr=M(Ug) are such that
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PL PR
Ll »L L PR
Up=- and Ugp=-
7o v 72| pror
PLVL PRVUR

for two given densities py, >0 and pgr >0 and velocities vy, >0 and vr <0. We recall
that the function M =M(U) is defined by (2.6). We define

My if x <wvgt,
M(z,t)=¢ M, ifvpt <z <wrt, (6.1)
Mg if{E>ULt,

with M, = M(U,) given by U, = (pL,pR,vaL,pRvR)t. Our objective here is to prove
that the following solution, which does not contain any Dirac delta functions, is an
entropy solution of (2.3)-(5.1). Conditions (5.4) and (5.5) become

{UR(MLM*)(F(ML)F(M*))O, (6 2)
v (M, —Mp) — (F(M,) —F(Mp)) =0, '
and
{UR(U(ML)U(M*)) —(¢(ML)—q(M,)) <0, 63
vr (n(M,) —n(Mg)) — (¢(M.) —q(Mg)) <0, '

with 1(U)=p18(v1) +p25(v2) and ¢(U)=p1v15(v1) +p2v2S(vz) for all S(v)=v>*
with ae>2. We will focus only on the first equality of (6.2) and the first inequal-
ity of (6.3), the second ones being treated similarly. We clearly have

PL PL+PR PR

PLVL PLVL +PRVUR PRUR
M, —M, = - —— ,

g * pLY pLv +PRVE PRVE

pLY} pLv} +pRUY PRV

while

PLUL PLVL + PRVR PRVR
2 2 2 2
F(My)~F(ML)= | P00 || P e — | P
pLVL, pLVL +PRVR PRUR
pLUL pLv; +pRUR PRV

It is then clear that the first equality of (6.2) holds true. Let us now check that the
proposed Riemann solution fulfills the entropy condition. We clearly have

vr (n(Mp) —n(M,)) — (¢(Mp) —g(M,))
= vr(prS(vr) = (prS(vr) +prS(vr))) — (prvrS(ve) — (prvrS(vr) + prorS(vR)))
= O’
which allows to prove that the proposed solution is an entropic smooth solution.

6.2. Collision of four packets of particles. = We consider a Riemann initial
set of data (5.1), where My =M(Up) and Mp=M(Upg) are such that

p p
1 p 1 p
Up=- d Up=-
=5 ooy | ™ E=9 | —puo

pU2 —pU1
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for a given density p>0 and two velocities vo >v; >0. We have

2p 2p
L[ p(vi+wv2) L —p(vi+uv2)
M = — and M == )
P2 p(vf+03) 2| p(vf+03)
p(vi +3) —p(vi+v3)
plu1+0s) —0(21 +gz)
L[ p(vi+v3) L1 plof+3)
FMg)= 12 and F(Mpg)== 1702
(M) p(vi +v3) (M) 2 | —p(vi+03)
p(vi+v3) p(vi+v3)
We define
M, if r < —ot,
M} (t)6(x+ot) if 2= —ot,
M(z,t)=<¢ M, if —ot <z <ot, (6.4)
M (t)6(x — ot) if z=0ot,
Mg if x> ot,
with o >0, M, =M(U,) given by
P* p*
1 Do 0
U,=2 , M,= y px>0, 0>0,
2 | —P«Ux P*Uz P v
PxUse 0
and M} (), M%(t) given by
1 1 0
2
-0 o vZ
My =m@) | 3 |, MrO=m@®)| 2|, FoL)=|"" |,
—0? o? PxUE

with m(t) >0. The generalized Rankine-Hugoniot jump conditions (5.4) become
—o(Mp—M,)t— (F(Mp)—F(M.))t+Mj (t)=0,
o(M,—Mg)t— (F(M,) —F(Mg))t+M%(t) =0,

that is, equivalently,

2
2UM**U(ML+MR)+(F(MR)7F(ML))+@ 222 =0,
0
(6.5)
0
2P (ML) + (M~ My) - (F(My) + F(M;)) - "0 | 27 | g
203
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This is made of eight equalities, four are trivial (zero equals zero), so that four are
left to determine the four unknowns py, vs, o, and m(t)/t. We propose below to
numerically solve this nonlinear system for a specific set of values for p, vy, and v,.

REMARK 6.1. We conjecture existence and uniqueness of a solution to this nonlinear
system. Indeed, the initial condition involves four different velocities while the model
is able to represent two different velocities only. More precisely and by analogy with
the usual pressureless gas dynamics model (see [2, 1]), velocity vy is to “bump” into
velocities —v; and —vs to create a first Dirac delta function. By symmetry, another
Dirac delta function is expected.

Regarding the entropy inequalities (5.5), we first remark that for S(v)=v2?,
n(Mp)=n(Mg)=
(M) = p,S(vi),
n(M3 (1)) =n(Mg(t)) =m(t)S(0),

(S(v1)+S(v2)),

[N )

while
a(My) = —q(Mp) = § (018 (v1) +v25(v2)), (M) =0.

As an immediate consequence, both inequalities in (5.5) are equivalent and the entropy
condition is

7 (peS(v,) — g(S(vl) +S(va))) — g(vlS(vl) +028()) + L 8(0)<0.  (6.6)
A concrete example. We propose to take p=1, v; =0.8, and v, =1.2. Numerically
solving (6.5) gives p, =1.88265, v, =1.06026, o = 0.87983, and m(t)/t =0.22342. If the
left-hand side of (6.6), which represents the entropy dissipation rate associated with
S(v) =v2?, is denoted D(«), a simple calculation gives for instance D(2) = —0.27324,
D(3)=—0.86854, D(4) =—1.88678,... The proposed solution (6.4) is then actually an
entropy measure solution of the four-moment model. Such an exact entropic solution
will be used in the following to prove the relevance of the numerical scheme proposed
hereafter with respect to the exact solution when singularities are present.

6.3. Piecewise linear solution connected with the frontier of the mo-
ment space. As a last example, we introduce a piecewise linear solution which
allows to connect zones inside the moment space with zones at the frontier within
the proper framework introduced in Subsection 2.3. Particles are initiated in the
domain [0,0.5]. In the domain [0,0.1], a monomodal velocity distribution is recon-
structed, with v; =vo =1 and p; = p2 =0.5. On the contrary, a bimodal velocity distri-
bution is reconstructed in the domain [0.1, 0.4], with p; = p =0.5, and for the abscissas
vy=1+% 6%'1 and vo =1. The initial conditions are represented in figure 6.1.

The ground difference with the first test case is that the transition between the
two zones is smooth, and so the numerical strategy to account for this transition is
important. The analytical solution of this problem, in smooth areas, consists of a
decoupled transport of each of the quadrature nodes as two independent pressureless
gases as shown in system (3.6). This comes from the fact that the number of Dirac
delta functions reconstructed from the moments, two in this case, is always sufficient to
capture the problem dynamics. The equivalence between the kinetic and macroscopic
equations is preserved, and the solution in terms of moments satisfies the entropy
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F1a. 6.1. Moment dynamics for a free boundary connecting areas where e=0 and e >0: Initial
conditions. Top-left: My. Top-right: My. Bottom-left: weights. Bottom-right: abscissas. The solid
line corresponds to (p1,v1), the dashed line with circles to (p2,v2).

equation. Therefore, the solution is the superposition of a translation at constant
velocity vo =1 and a transport with the following velocity field:

1 x€[0,0.1],
vy =14 14+ 2591 2€[0.1,0.4], (6.7)
2 2€[0.4,0.5].

The analytical solution, displayed in figure 6.2, has two fronts at z=0.2 and
+=0.9 moving with a velocity v =1 and v =2, respectively. The first front corresponds
to particles initiated with velocity v=1 between £ =0 and x=0.1. The second front
corresponds to particles initiated with velocity v =2 between ©=0.4 and £ =0.5. The
square wave between z =0.8 and x =0.9 is the final location of the particles initiated
with velocity v=2 between £ =0.4 and x=0.5. The value of p; between x=0.3 and
x=0.8 corresponds to the expansion of the density field due to transport with a linear
velocity field with positive slope. The value of the density in that area is the solution
of the equation 0;p1 +v10,p1 = —p10,v1, which yields p; =0.3 at time ¢t=0.2 .

According to the initial conditions, both weights have the same profile and the
quantities q/(Moe) and q/e?/? are null. At time ¢ =0.2, the weight profiles are different
in the interval [0.3,0.8] corresponding to the expansion of p;. Therefore, q/e3/2 is non
null, as well as Mioe, since the velocities also have different values, and can be exactly
calculated (see figure 7.10).

7. Numerical simulations via kinetic schemes

This section is devoted to the discretization of (2.3)-(2.5)-(2.6). As already stated,
we use as a building block a natural first-order kinetic scheme already proposed in
the literature [12, 11, 6] and briefly recalled here for the sake of completeness.

4In the interval [0.8,0.9], although p2 should be null (the square wave at velocity v2 =1 should be
bounded between the front £ =0.2 and £ =0.7), we computed p2 =0.5 and v2 =2. This is consistent
with the conditions in Section 2.3 for moment vectors at the frontier of the moment space.
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F1a. 6.2. Moment dynamics for a free boundary connecting areas where e=0 and e >0: Solution
at t=0.2. Top-left: Mo. Top-right: My. Bottom-left: weights, Bottom-right: abscissas. The solid
line corresponds to (p1,v1), the dashed line with circles to (p2,v2).

Let us first introduce a time step At>0 and a space step Az >0 that we as-
sume to be constant for simplicity. We set A=At/Axz and define the mesh in-
terfaces xj,1/o=jAx for j€Z, and the intermediate times t" =nAt for n€N. In
the sequel, M7 denotes the approximate value of M at time ¢" and on the cell
Ci=[rj_1/2,Tj41/2). For n=0, we set M?:A%C Ji?_*ll/{zzMo(x)dx, j€7Z, where
My (z) is the initial condition.

Let us now assume as given (M;L) jez the sequence in 2 of approximate values
at time t™. In order to advance it to the next time level t"*! the kinetic scheme is
decomposed into two steps.

First step: transport (" —t"+17).
We first set U} =U(M}) and define the function (z,v) = f"(z,v) by

fn(x7v) = (pl);la(’l) - (/UI);'L) + (p2)?5(/v - (’UQ);'I)7 v ({Eﬂ)) € CJ xR, J€E Z.
We then solve the transport equation

Orf +v0, =0, (x,v)ERxR,
f(t:O7'r7v) = f/’l(x7v)7
the solution of which is given by f(t,z,v) = f"(x —vt,v). At last, we set f"+1=(x,v)=
f(x—vAt,v).
Second step: collapse (t"T1~ —¢"*1). The first four moments at time t"*! are

(7.1)

now naturally defined by setting

41 1 Tjt1/2 +oo i
(M;);™ = 7/ / o' T (x,v)dude.
! Az Tj-1/2 /=00
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n n n n n t . .
Then, we have M]—Jrl: ((Mo)j+17(M1)j+1,(M2)j+1,(M3)j+1) for all j €Z, which
completes the algorithm description.

REMARK 7.1. It is easy to see that this scheme preserves the moment space €; see
for instance [6].

REMARK 7.2. Under the natural CFL condition At max;ez((v1)},(v2)}) <CFLAz,
with CFL <1, integrating (7.1) over (¢,z,v) € (0,At) x C; x R and against v*, i =0,...,3
easily leads to the equivalent update formula

At
+1 __ n n L ]
M} =Mj — E(F]‘-‘rl/Z _Fj—1/2)7 JEZ,

n n n n n t
where we have set F7., .= ((M1)]y, 9, (Ma)}yy 00 (M3)} s, (Ma),,,5)  and

(Mi)?+1/2 = (MZ);L:I/z + (MZ);L;I/z, and Wlth
n— n : n n i—1 : n n n i—1
(Mz‘)jLH/g:(Pl)j+1m1n(0a('Ul)j+1)((vl)j+1) +mm(07(1’2)j+1)(92)j+1((02)j+1) )

(M)t = (1) ma(0, (1)) (01)F) "+ (o) max (0, (v2)741) ((v2)7) "

7.1. Numerical quadrature strategy at the frontier of the moment
space. This paragraph addresses the issue of how to numerically handle the
transition between a vector in the interior of the moment space, and a vector lying
at its frontier. For an isolated point at the frontier of the moment space I', there is
no specific problem since we use a single quadrature node and the quadrature is not
a problem. The two problems we have to face are related to the preservation of the
cone in which we envision to work in Section 2 as well as to deal with finite precision
algebra in the neighborhood of the point (0,0) in the (e,q) plane.

Consequently we introduce two constants in the numerical quadrature we use.
First, for finite precision algebra and in order to avoid numerical errors, we only
evaluate the two quadrature nodes when e/Mg > €1, where €; is a small number related
to machine precision. Under this threshold, the velocity dispersion is considered null
(e=0), and the set of Dirac delta functions are reconstructed as suggested in Section
2: P1 :pQZMo/Q, (%1 :UQZMl/Mo.

,<—= Limit g/eMo = n

«7; Forbidden areafor q

= Limite=¢1

————<— Forbiddenareafor e
Fic. 7.1. Handling of the moment space border with the admissible cone.

Secondly, since we want to deal with a compactly supported velocity distribution
at the kinetic level, we will introduce another constant, 7, which is a bound for the
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distance between the two abscissas. In fact we would like to require that the solution
remains inside the cone in the (e,q) plane: A%le <. It will be shown in the following
examples that the cone is in fact automatically preserved by the proposed algorithm
and that such a bound does not have to be imposed but is satisfied by the numerical
solution.

lal

If 572 >, then we set ¢/(Moe) = sign(q)n, so that:

14
M()e

As illustrated in figure 7.1 and explained in Section 2.3, the variable g naturally lives
in a cone delimited by the straight lines of slope +7 and becomes null when e <e;.

Let us remark that limiting Mioe does not lead to a limitation on the quantity
63% in such a way as to allow the possibility to reach a large ratio in terms of weights
(one weight can approach a zero value while the quantity —’5 grows indefinitely) but
without allowing the distance between the abscissas to grow beyond of fixed limit
naturally inherited from the initial solutions at the kinetic level. We will come back
to this point in the results section. For the simulations we present, the parameters
are such that e, =10"Y and n=2.

=sign(q)n, q=sign(q)nMoe, Ms=q+M;M;/M,.

7.2. Numerical results. This section is devoted to numerical illustrations of
the two Riemann problems and one dedicated to the case of a free boundary connecting
zone where e =0 and a zone where e >0, as discussed in Section 6.

In all the figures, we choose to represent p; and vy by solid lines, and ps and vy
by lines with circle markers. In the representation of weights and abscissas, values
have to be assigned for v; and vy : we thus decide that v; is the maximum of the
relative values of velocity.

Two packet collision. Figure 7.2 represents the initial conditions for the case
of two particle packets. Figures 7.3 and 7.4 present the numerical and analytical
solutions for the case of two particle packets with pp =pr=1, and vy =1, vg=—1.
The computation is run with a 1000 cell grid on the spatial domain [0,1], with CF L=
1. The length of each packet is 0.4 (p; =pa=v1 =v2=0 for £ <0.1 and 2>0.9) and
the two packets start to collide exactly at time ¢t=0. Moving in opposite direction
one across the other, with the same opposite speed, they then overlay and we note
in particular that p; =pa =1 and v;1 =v3 =0 in the mixing zone (see for instance the
plots at time ¢=0.1). As expected, they finally become separated again and we note
that a perfect agreement is obtained with the exact entropic solution.

Weights Abscissas

0.9)

0.8 1
07|
0.5]
06
05 0
04
03 05
02 )
-1

OOR] 1 02 03 04 0 06 o7 o8 o0 Tt 01 02 03 04 05 06 07 08 09
X X

Fi1G. 7.2. Initial fields of weights (left) and abscissas (right) for the two particle packet case.
The first quadrature node is represented by solid lines whereas the second node is represented by
circles.
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Fi1G. 7.3. Results for the two packet case at time t=0.1. Top: Numerical results for Mo (solid
line) and My (dashed line) (left) and for Ms (solid line) and Ms (dashed line) (right). Middle:
Analytical result for weights (left) and abscissas (right). Bottom: Numerical results for weights
(left) and abscissas (right). The solid line corresponds to the higher abscissa, the dashed line with
circle to the lower one.

Four packet collision. Figure 7.5 presents the initial conditions. Figures 7.6
and 7.8 present the numerical and analytical solutions, respectively, for the moments
and the weights and abscissas. The computation is run with a 1000 cell grid on
the spatial domain [0,1], at CFL=1. Here, we observe the presence of two Dirac
delta functions as already discussed in Section 6. The agreement between exact and
numerical solutions for the moments is very good, showing that the numerical solution
converges to the analytical one. The disparities encountered between the analytical
and numerical solution in the case of the weights and abscissas are due to the fact
that the mapping U(M) is discontinuous at the moment space border. In the area
of numerical diffusion (z~0.22 and x=0.88), when the dispersion e is under the
threshold €;, weights and abscissas are reconstructed as explained in Section 2.

The wave propagating at velocity 1.2 and separating the constant states (v =
0.8,v2=0) and (v;=1.2,v9=0.8) is steep and coincides with the analytical wave,
whereas the wave propagating at velocity 0.8 is actually smooth since the CFL number
is based on the highest value of velocity, which is 1.2 in this studied case. The



1266 QUADRATURE-BASED VELOCITY MOMENT MODELS

Analytical Weights Analytical Abscissas

0.9)

038 1
0.7]
05|
0.6|
0.5] of
0.4]
0.3 -0.5
02|
-1

0.1

1 02 03 04 06 07 08 01 02 03 04 05 06 07 08 09
X X

Weights Abscissas

0.9]

038 4
07|
05|
0.6|
05| 0
0.4
0.3 -0.5
02|
-1

0.1

01 02 03 04 05 06 07 08 O o 01 02 03 04 05 06 07 08 09
X X

Fic. 7.4. Results for the two packet case at time t=0.4. Top: Analytical result for weights
(left) and abscissas (right). Bottom: Numerical results for weights (left) and abscissas (right). The
solid line corresponds to the higher abscissa, the dashed line with circle to the lower one.

same explanation holds for the symmetric jump at location z=0.78. Meanwhile,
because of the conservation of the velocity moments, the numerical velocity jump (at
2=0.154) happens before the analytical velocity jump (at =0.18). One can notice
that the quadrature method provides the expected value of velocity in the numerical
diffusion zones. The same explanation holds for the different velocity jump locations
between the analytical and numerical solution at x=0.82 and x=0.845. The same
phenomenon is responsible for the disparities between the analytical and numerical
solutions at the d-shocks locations, i.e. at =0.4 and =0.6.

Figure 7.7 displays the final profile of the quantities Mioe and —fz. Thus, ﬁoe has

significant values in areas where the abscissa distance as well as the weight difference
are important, whereas —l5 reaches high values in areas where the weight ratio is
important. Since in the domain, except for the singularities, the weights have the
same value, both quantities are equal to zero. At the singularities, 63% is roughly
proportional to the square root of the weight ratio, and Mioe is bounded, accounting
for the fact that the velocity field is bounded.

We have thus provided numerical simulations in the two cases for which we have
at our disposal an analytical entropic solution, either in the piecewise constant case,
or in the singular case where §-shock measure solutions are present. In the first case,
the crossing of the two monokinetic packets of droplets is very properly reproduced
without numerical diffusion since we work at CFL=1, even if this is not symptomatic
of the numerical diffusion such methods will encounter with a first order method
in realistic configurations [14]. In the second case, the numerical method is able to
capture the creation of the measure singular solutions associated to the fact the we
have limited the number of quadrature node to two. With this node number limitation,
the proper physical solution, in the infinite Knudsen number limit, where the various
droplet packets cross without interacting, differs from the entropic solution of the
system (2.2) of partial differential equations obtained through the quadrature-based
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Fic. 7.5. Four packet case with pr, =pr=1, and v1 =1.2, va=0.8: Initial conditions. Top:
My (left) and My (right). Bottom: weights (left) and abscissas (right). The solid line corresponds
to the set (p1,v1), and the dashed line with circles to the set (p2,v2).

Fi1G. 7.6. Four packet case: Results at t=0.1. Analytical (solid line) and numerical (dashed
line with circles) solutions. Top: Mo (left) and My (right). Bottom: Ma (left) and M3 (right).

closure. This is the same type of behavior as seen in the case of pressureless gas
dynamics at a lower level.

Free boundary case. The last test case, explained in Subsection 6.3, assesses
the ability of the method to solve free boundary cases connecting in a continuous
manner states lying in the interior of the moment space and at its frontier. The
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Fic. 7.7. Four particle packet case, at time t=0.1. Left: ratio q/(Moe). Right: ratio q/e3/2,
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FiG. 7.8. Four packet case: Results at t=0.1. Top: Analytical weights (left) and abscissas
(right). Bottom: Numerical weights (left) and abscissas (right). The solid line corresponds to the
set (p1,v1), and the dashed line with circles to the set (p2,v2).

chosen grid contains 400 cells, and the CFL number is set to 0.98. This value of
the CFL number is chosen is order to prevent high frequency instabilities to occur.
The computation is run until £=0.2. The analytical solution has been provided in
Subsection 6.3.

Results are displayed in figure 7.9. Let us first focus on the fronts present at
=0.2 and £ =0.9 for the analytical solution. Since the CFL number is based on the
highest velocity value (2 in this case) and is taken as 0.98, the corresponding wave
is less diffused at x=0.9, contrary to the front wave located at z=0.2 moving at
velocity vo =1. Note that in these areas, p; = po, since e=0 or e <¢e;. The borders of
these areas are clearly seen at £~0.28 and x=0.8. The constant profiles for p; and
p1 observed respectively between £ =0.5 and x=0.7 and between £ =0.5 and £ =0.8
correspond to those observed in the analytical solution. In the area between x=0.28
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and x=0.5, the density profiles would be expected to be constant, with the same
value as before. Instead of that, one observes a peak value for ps and a low value for
p1, the sum p; + po being constant. This results from a coupling between the behavior
of the quadrature method when e tends to zero and the numerical diffusion. We are
here in the situation ¢ >0 and e small but e > €;; see Lemma 2.3. Further away from
the discontinuities the density values tend to their analytical value.
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F1G. 7.9. Moment dynamics for a free boundary connecting areas where e=0 and e >0: Results
at t=0.2. Top: Analytical (dashed line) and numerical (solid line) density (left) and momentum
(right). Bottom: weights (left) and abscissas (right). The solid line corresponds to the set (p1,v1),
and the dashed line with circles to the set (p2,v2).
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Fic. 7.10. Moment dynamics for a free boundary connecting areas where e=0 and e>0:
Results at t=0.2. Left: ratio q/(Moe). The dashed line with crosses represents the analytical
solution, whereas the solid line represents the mumerical solution, bounded by its extremal initial
values (dotted-dashed curve). Right: ratio q/e3/2.

Figure 7.10 displays the proﬁle of quantities M and — —L5 at time t=0.2. First, it
is interesting to note that W is naturally bounded by 1 in the numerical sunulatlon
as shown in figure 7.10 such that the bound imposed with n=2 in never effective. Let
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us emphasize that in the present case, the numerical scheme allows to preserve the
proposed cone associated with a maximal distance between the abscissas which is also
invariant. Comparing the analytical value of |¢/(Mye)| to the numerical resolution in
figure 7.10, it is instructive to observe that the numerical diffusion is creating zones
where it can be far from zero, whereas it should be zero in the analytical solution.
However, this is done is such a way as to preserve the maximal value foreseen as
the maximal distance between the abscissa at time ¢ =0, which is one. Let us also
emphasize that we have rerun this case with various values of €; varying from 10~ up
to 10~7 without any effect on the solution. It can also be noticed that the quantity
q/ e3/2 has large values in the regions of connection between the interior and the
frontier of the moment space, but has no reason to be naturally limited as opposed
to the previous quantity as seen in figure 7.9-bottom left.

Concerning the convergence behavior of the numerical solution, we display the
error in L; norm relative to the analytical solution to assess convergence quantita-
tively in table 7.1, for 400, 800, 1600, and 3200 cell grids. As expected, we get an
experimental order of convergence of 0.5. These data clearly show the convergence
towards the analytical solution for each moment.

As a consequence, it can be seen that we have designed the proper theoretical
setting for the transition from the interior of the moment space towards its frontier
since the cone we have defined seems to be automatically preserved by the kinetic
scheme we have used. Such a point would be worth a detailed study which is beyond
the scope of the present paper.

Grid size 400 800 1600 3200
mg 0.049 0.0344 0.0244 0.0172
my 0.0442 0.0307 0.0219 0.0153
mo 0.0396 0.0271 0.0195 0.0136
ms 0.0362 0.0244 0.0177 0.0122

TABLE 7.1. Ly error on moments relative to the analytical solution.

8. Conclusion

In this paper, we have extended the notion of entropic measure solution of a
quadrature-based moment method for kinetic equations. Such kinetic equations are
frequently encountered in many application fields where a complex dynamics in phase
space is involved. Following the contribution of [2] for the pressureless gas dynamics,
which is the one-node quadrature version of a more general system of conservation laws
for quadrature-based moment models, we have been able to provide a few problem
test-cases showing that the numerical solution of the resulting system of conservation
laws through kinetic schemes reproduces the defined entropic solution as well as the
proper theoretical setting for the transition from the interior to the frontier of the
moment space. It is an important point for the case of PTC where the solution
remains smooth and where the scheme allows to describe the phase space dynamics
properly as well as for cases where the complexity of the dynamics in phase space leads
to generalized d-shocks, as observed for pressureless gas dynamics due to the weakly
hyperbolic structure of the system of conservation laws. Two stumbling blocks still
remain to be treated. First, we would need a uniqueness theory and a convergence
analysis in a general framework in order to fully justify the use of the kinetic schemes
for the simulation of such models. However, as explained already in [1], the framework
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of entropic solutions is not sufficient in order to provide uniqueness since one can
exhibit multiple entropic solutions for measure solutions. Let us emphasize that it is
easy to construct the same type of measure solutions for system (2.3), which is the
exact same collision case used by Bouchut, but with a motionless Dirac delta function
in density localized at the collision point of the other two incoming “particles”. An
infinite set of entropic solutions can then be exhibited depending on the nature of the
collision. As a consequence, it would be first useful to investigate such a point on
the pressureless gas dynamics and then to extend it to the present system of higher
order quadrature-based moment models. Besides, the construction of fully high order
methods is still an open question and requires further developments.

At last, let us mention that most of the results of the present paper do naturally
extend to higher order moment systems, but at the price of algebraic complications.
In fact, the key point lies in the extension of the proposed study of the behavior of
the quadrature at the frontier of the moment space, namely when the two velocities
v1 and vy become equal. If we consider for instance the 6-moment model and assume
that one of the three velocities vy, vg, and v3 is smooth while the other two become
equal, we are in the same framework as in the present paper. But the case when the
three velocities tend to be equal needs to be explored in a future work.
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