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Modélisation Mathématique et Analyse Numérique

ON THE MACH-UNIFORMITY OF THE LAGRANGE-PROJECTION SCHEME *

HAMED ZAKERZADEH '

Abstract. In the present work, we show that the Implicit-Explicit Lagrange-projection scheme ap-
plied to the barotropic Euler equations, presented in Coquel et al.’s paper (Math. of Comp. 79.271
(2010): 1493-1533), is asymptotic preserving regarding the Mach number, i.e., it is asymptotically
stable in fs-norm with unrestrictive CFL condition for all-Mach flows, and asymptotically consis-
tent which means that it gives a consistent discretization to the incompressible Euler equations in
the limit, e.g., it preserves the incompressible limit as to satisfy the div-free condition or the ana-
logues of continuous-level asymptotic expansion for the density. This consistency analysis has been
done formally as well as rigorously. Moreover, we prove that the scheme is positivity-preserving and
entropy-admissible under some Mach-uniform restrictions. The analysis is similar to what has been
presented in the original paper, but with the emphasis on the uniformity regarding the Mach num-
ber, which is crucial for a scheme to be useful in the low-Mach regime. We then extend the modified
(but similar) analysis to the shallow water equations with topography and get similar stability and
consistency results.

Résumé. ...
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1. INTRODUCTION

Singular limits of conservation laws (or more generally PDEs), may present severe difficulties to be treated
either in analysis or numerics. The main issue is that the type of the equations changes in the limit [40], e.g.,
when the Mach number approaches zero for the Euler equations. This limit is singular, since the sound speed
(the characteristic speed) goes to the infinity and the PDE changes to be hyperbolic-elliptic, in the so-called
incompressible limit. So, there are difficulties to show the convergence of the solution of compressible FEuler
equations to the incompressible one (see [34,40]). Tackling this problem numerically is more complicated, since
as the eigenvalues of the flux Jacobian blow up, the time step should tend to zero due to Courant—Friedrichs—
Lewy (CFL) condition, which leads to very small time steps and thus huge computational cost. Also it has been
shown that in the general case, the usual numerical schemes lose their accuracy in the limit for under-resolved
mesh sizes; see [19,21, 25,26, 44-46].
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Fi1GURE 1. Illustration of Asymptotic Preserving schemes.

Throughout this paper, we assume that at least at the continuous level, the solution of compressible flow
equations with the Mach number €, converges to the solution of the limit equation, as € — 0, and try to show
that the counterpart of such a convergence also exists at the discrete level. This is in fact the idea of Asymptotic
Preserving (AP) schemes, which has been introduced by Jin in [30,31] for relaxation systems; see also [32] for a
general review and [36] for older works. Figure 1 illustrates this definition; M€ stands for a continuous physical
model with the (singular) perturbation parameter € € (0, 1], and M$ is a discrete-level model which provides
a consistent discretization of M. As in [32], if MQ is a suitable and efficient scheme for M, then the scheme
is called to be AP.

However, note that there are several definitions of AP schemes in different contexts owing to different inter-
pretations of a suitable and efficient scheme. So we define an AP scheme for the framework of this article more
precisely.

Definition 1.1. [AP schemes] A scheme is called to be AP, provided that it fulfills the following conditions.

(i) It gives a consistent discretization of M€ for all €, in particular for the limit problem M".
(ii) It is efficient uniformly in e, e.g., the CFL condition should be uniform in € and the implicit step should
be solved efficiently for all e.
(iii) It is stable in some suitable sense, uniformly in e.

For brevity, we call these properties respectively Asymptotic Consistency (AC), Asymptotic Efficiency (AEf),
and Asymptotic Stability (AS).

The AP property has been studied widely and several AP (in our terminology AC and AEf) schemes have
been developed for the Euler or shallow water equations; see [4,15,18,27,42]. The bottom line of these schemes
is a mixed implicit-explicit (IMEX) approach, stems from the more general operator splitting method; to split
the flux (or its Jacobian) into two parts and treat one part explicitly in time and the other one implicitly in
time. This approach is definitely necessary to find schemes with e-uniform CFL conditions. But as mentioned
in [17], it is not sufficient at all to claim for asymptotic stability; see for example [1] whence it is shown that
for an explicit-explicit splitting with Lax—Wendroff scheme, even if both split parts are stable in terms of CFL
condition, the resulting scheme is unconditionally unstable in La-norm using von Neumann stability analysis.
On the other hand, it is shown in [27] that IMEX schemes are Lo-stable, as long as each step is Las-stable. So,
there is a huge gap between these two cases. Note that using IMEX splitting schemes makes the analysis more
delicate compared to explicit splittings; see [8,9] for some results on the Lagrange-projection scheme (which is
also the topic of this paper) and [47] for a motivating study on linear systems.

Recently, inspired by the Arbitrary Lagrangian-Eulerian (ALE) approach, there have been some works de-
voted to the so-called Lagrange—projection scheme, which have resulted in some rigorous stability results;
see [8,9,11,14] for example. ALE nowadays is a classic approach in mechanics, trying to benefit from the
advantages of Eulerian and Lagrangian formulations simultaneously; see [22] for a nice introduction, and this
is the heart of the Lagrange—projection scheme, as we will see later on in Section 2. However, most of these
works do not take the asymptotic limit into account. For example in [14], a rigorous numerical analysis has
been done for a two-phase model including positivity of the density and entropy stability, but with no concern
about the incompressible limit. Another study was carried over later for balance laws by Chalons et. al [8], in
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particular for the Euler equations with friction. Moreover, in [9], the Lagrange—projection scheme has been ana-
lyzed for the two-dimensional Euler equations, to construct an all-Mach scheme (the scheme with Mach-uniform
consistency). So the focus is on the accuracy problems in the low-Mach regime, which one expects to see for
Godunov-type schemes (of which Lagrange—projection scheme is a member), and to cure them by a careful
look at the truncation error. In fact, it has been shown in [9] that the truncation error of the two-dimensional
Lagrange-projection scheme blows up in the low Mach regime, i.e., it behaves as (9(%) where Ma stands for
the Mach number. The authors of [9] could show that the truncation error can be made uniform regarding the
Mach number for a particular modification of the scheme, namely by multiplying the dissipation involved in the
discretization of the pressure terms by an O(Ma) term . Although this is a promising step, it is not clear if this
uniform accuracy in terms of the truncation error is equivalent to the asymptotic consistency, due to the lack of
convergence analysis of the scheme. Very recently in [10], the authors have extended the Lagrange—projection
framework to the one-dimensional shallow water equations with particular attention to the well-balancing and
the validity of the entropy inequality.

On the other hand, it is well-known that Godunov-type schemes show no accuracy problem for low-Mach
one-dimensional problems as long as the initial condition is well-prepared (see Definition 3.2). The reader can
consult with [9,19,21, 45, 46] for more details. This accuracy of Godunov-type schemes motivates the present
paper, whose goal is to investigate the results of [14] regarding the Mach number. In this paper, we study
the issue of consistency and stability of one-dimensional IMEX Lagrange-projection scheme, or the so-called
LP-IMEX scheme as been proposed in [8], in the incompressible limit. In particular, we show that the stability
conditions in [14] are uniform in the Mach number provided that the initial condition is well-prepared. So, all
the stability properties in [14] hold without any restriction regarding the Mach number. Also we show that the
solution is asymptotically consistent for well-prepared initial data (see Theorem 3.3). Indeed, these estimates
imply convergence of a sub-sequence for fixed grids, as e tends to zero (see Appendix A). The study has also
been extended to the one-dimensional shallow water equations with topography. The source term presents an
additional difficulty, and in order to prove asymptotic consistency, we had to use a more dissipative relaxation
parameter (see Remark 4.9). Also note that in Sections 3.2 and 4.3 we prove e-uniform bounds for the (implicit)
solution, which justifies the asymptotic expansions used throughout the paper.

The paper is organized as follows. In Section 2 we introduce the splitting after a brief introduction to the ALE
formalism and relaxation schemes. Then, in Section 3, we introduce the IMEX Lagrange—projection scheme
with a specific relaxation approximation and then discuss the numerical analysis of the scheme. We prove the
formal asymptotic consistency, positivity preserving, stability and entropy stability, all under a non-restrictive
CFL condition. Then we show that the formal asymptotic consistency is in fact rigorous. In Section 4 we show
similar results for the shallow water equations with a different and more diffusive relaxation approximation in
the case of flat or non-flat bottom functions. Appendix A provides some results about the consequences of
entropy stability on the stability of the solution in the limit ¢ — 0. We then conclude the discussion with some
possible extensions and future works.

2. LAGRANGE—PROJECTION SCHEME: CONTINUOUS PDE LEVEL

In this section, we introduce the splitting to be used, let us call it ALE splitting, which is inspired by the
classical Lagrange-projection scheme (see [23]). For the barotropic Euler equations, one natural way to split
the waves, is to split them into acoustic and transport waves. The high speed acoustic waves are formulated in
the Lagrangian framework and slow transport waves in Eulerian one. The idea is similar as for the Lagrange—
projection scheme, which consists of solving Riemann problems for the acoustic system in the Lagrangian
formulation and then projecting the computed solution onto the fixed Eulerian grid (which is equivalent to the
transport system). In this way, the scheme handles Riemann problems in the Lagrangian coordinates which
is much easier than the Eulerian one, and takes advantage of using a fixed grid; see [23, Chapter III, Section
2.5]. It is in this regard that the ALE splitting (as well as the Lagrange—projection scheme) can be understood
(see [14]) in the framework of ALE, to write the equations in the referential coordinates y which are necessarily
neither spatial (Eulerian) = nor material (Lagrangian) X. The referential frame has a relative velocity v seen
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from the spatial frame, which is arbitrarily chosen. Note that the Lagrange—projection scheme is a special case
of ALE, in which the velocity v is chosen such that after completing each step, the domain is the same as the
fixed Eulerian one. We refer the reader to [14, Section 3.3] for more details.

Now, consider the system of barotropic Euler equations:

Ohp + D) = 0, (21
B (pu) + 0, (pu® +p(p)) =0, (2.2)
when p(p) = kp? with k > 0 and v > 1 is the barotropic pressure law. For the rest of this paper, we set k = %

and v = 2. As an entropy function, we choose the total energy of the solution pE which can be shown to be

2

strictly convex with respect to the conservative variables. The total energy density is written as F = & + %
where E(p) = ﬁpﬂ*l is the internal energy density (see [38]).

The ALE splitting splits the original system, (2.1)-(2.2) into the following acoustic and transport sub-systems

Orp + pOzu = 0, (2.3)
O (pu) + pudyu + dxp = 0,

and

Op + u0zp =0, (2.5)

O(pu) + udy(pu) = 0,
and solve them successively. Simply by using Taylor expansion it can be seen that this splitting is in general
(globally) first-order accurate in time. We refer the reader to [28] for more details about the operator splitting

methods. Note that the transport part is simply a transport of conservative variables (p, pu) with the velocity
field w.

2.1. Lagrange step

In the Lagrangian coordinates, the frame moves with the velocity field. So, what the observer sees is the
acoustic part, (2.3)-(2.4). It is not difficult to show that they can also be written as

O — d.u =0, (2.7)
Oru+ 0,p =0,
where 7 is specific volume (the reciprocal of p) and z := pdz is the mass coordinate. This is exactly the

classical form of the barotropic Euler equations in the Lagrangian framework. To obtain the non-dimensionalized
equations, we set

. PO e — 2
T = Tpo, U= —), pi=— Do = PoCy;,

where ¢, is the characteristic sound speed, defined as ¢, := 4/ prz_l, and p, and u, are characteristic density
and velocity. Also we denote the Mach number as the ratio of characteristic speed to the sound speed, Ma :=
Thus, after suppressing hats, the equations become

Uo
Cco

T — 0,u=0, (2.9)
Oru + %azpz =0, (2.10)
€

where € := \/yMa. From now on and for simplicity, we call ¢ the Mach number, though it is different from Ma
by the factor ,/7¥.
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Assuming a one-dimensional torus as the spatial domain 2 := T, which means the periodic boundaries, we
define the domain of solutions as Q7 := T x R, in space and time. So, we are left with a Cauchy initial value
problem which needs solution of the Riemann problems. To ease the situation, we relax the system so that all
characteristic fields would be linearly degenerate, which is easy to solve the Riemann problem for. We actually
substitute the source of genuine nonlinearity p(p) with some variable , called relaxation pressure and add
another equation for 7. This is the heart of so-called relazation schemes; we refer the reader to [5,12,33,39] for
more details.

In the non-dimensionalized form, the Suliciu relaxation system [5,13] reads as

0yt — O,u =0, (2.11)
Oru + 0,11 = 0, (2.12)
O+ a?0,u = A(p — 7), (2.13)
with the definitions
1T, ::1_[12127 Qe = Q1= g, A=A = %,
€ € €

where a is a constant to be specified and A is the relaxation parameter.

Remark 2.1. One can choose « differently, for example as 5%, which is more diffusive compared to the current a.
For now, we stick to ¢, and later on in Section 4 for the shallow water equations, we use the diffusive relaxation
system.

At least formally, one can observe that in the asymptotic regime A — oo, 7 tends to p and the original
system would be recovered. Now, one can easily check that the relaxation system only has linearly-degenerate
characteristic fields. To use the feature of linear degeneracy, at first we solve the problem out of equilibrium,
setting A = 0, and then we project the out-of-equilibrium solution to the equilibrium manifold, cf. [14].

In order to prevent the instabilities to happen for this relaxation system, or in other words to enforce the
dissipativity of Chapman—Enskog expansion (see [12,39]), the parameter a must be chosen sufficiently large
according to the so-called sub-characteristic or Whitham stability condition

a? > %ZPT), (2.14)
see [7] for the proof.

Since the relaxation system with A = 0 is strictly hyperbolic with eigenvalues given by 0, £a—compared
to exact eigenvalues 0,=+c for the original system—the sub-characteristic condition means that information
propagates faster in the relaxation model. Also linear degeneracy of the fields allows us to analytically solve
the Riemann problem when A = 0. This property justifies by itself the introduction of the proposed relaxation
model and its simplicity [9].

So, for A = 0, one can simply put the relaxation system (2.11)-(2.13) into an equivalent diagonal form
like [8, eq. (12)]

=0, (2.15)

N N N ™ a

witaw, =0, w=IMl+au=—+-u, (2.16)
€ €

W, —aw, =0, w=T-au=——~u (2.17)
€ €

Note that w and w are two of Riemann invariants of the relaxation system; the third one is .# := II + o®7. So,
instead of the (2.15) one can use .# = 0.
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Remark 2.2. Note that the naturally-split systems (2.3)-(2.4) and (2.5)-(2.6) are not conservative if they are
written in the Eulerian coordinates, so to circumvent the complications coming with non-conservative products
(see [16] for example) and also for solving Riemann problems with more ease and efficiency, we have changed
the coordinates to Lagrangian, which provides a conservative formulation.

2.2. Projection step

Like the acoustic part, the transport part (2.5)-(2.6) can be written in the Lagrangian coordinates which
provides a conservative form. In fact, since we remap the values onto the Eulerian grid, at the end of each
step, the referential and spatial (Eulerian) coordinate should coincide. So following the notation in [14], the
projection step can be summarized as

0,U 4+ 10, U =0, (2.18)
where U := (p, pu)T stands for the conservative variables. For further details on the derivation of the split
systems, the reader can consult with [14]

3. LAGRANGE—PROJECTION SCHEME: DISCRETE NUMERICAL LEVEL

As mentioned above, for linearly-degenerate systems, it is straightforward to solve the Riemann problem.
Moreover in this case, after writing the equations in terms of Riemann invariants, it would be in fact trivial
since along each characteristic line, one of the Riemann invariants remains constant. In this way, there are just
a set of two symmetric scalar linear advection equations to be solved for w and w , while .# does not change at
all.

At the beginning of the Lagrange (acoustic) step from n to nf, the Eulerian and Lagrangian coordinates
coincide with each other, also p% = m}'. The implicit Lagrange step reads as

At
nt _ _n ~nT ~nT
T Azr (“j+1/2 - uj,l/z) : (3.1)
—n —n aAt —n —n
ij =Wy —— (ij - wjjl) , (3.2)
J
“—n “—n G,At “—n “—n
ij =] +m (w]ll —w; ) , (33)
J

where Az" := p! Az and j € S denotes cell indices when S is a periodic set (the discretization of Q). Also ant
comes from solving a simple Riemann problem for the relaxation system with characteristic 0, &% (see [14]),
and it is

1
’EL"T = E (ae(uL + UR) - (ﬂ'R — 7TL)) .

So, the interface velocity is defined as

AR (mpy =) (3.4)
it 2 2ae \"ITt T )¢ '
Note that there are several (equivalent) variants of the scheme (3.1)-(3.3), in different coordinates or with/without
using the Riemann invariants; see [14] for further details.
In the next step, the explicit projection step from nt to n+ 1, we map updated values onto the fixed Eulerian
grid. There are 4 cases based on the upwind direction [8, eq. (34)], which can be summarized as

At
n+1 _ pmt ~nt +rmt ~nt - ~nf —+ nt ~nt —rnt
Ut = w2 (@) ot + (@) - @) U - @) o (3.5)
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with the definitions -+ := % and -~ = %
This step, projects the values on the updated grid onto the fixed Eulerian one. Adding these two steps to

each other is what we call LP-IMEX scheme.

3.1. Numerical analysis of LP-IMEX scheme

Considering the LP-IMEX scheme introduced in the previous section, one can obtain the stability results,
gathered in Theorem 3.3. But at first, let us define the limit of barotropic Euler equations and the so-called
well-prepared initial datum.

Definition 3.1. The formal limit of barotropic Euler equations is defined to be

P(o) = const., p(1) = const.,

div u(o) = 0,
Oru(o) + Oy (U%o) +P(2)) =0,
where the asymptotic expansion is

p(x,t) = poy + €p) + €p(2);
u(x,t) = uy + eugy + €2U(2).

Definition 3.2. For the barotropic Euler equations (2.1)—(2.2), the well-prepared initial datum is defined as
(see [21,34,35,41])
0 0
(1) = Pe () = Py + Pz (7). (3.6)
0
UE/V)P(I) = (o) + eue(z), (3.7)

with constant pg and ug.

Theorem 3.3. The Lagrange-projection scheme (3.1)-(3.3) and (3.5), with well-prepared initial datum, satisfies
the following properties.

(i) It can be expressed in the locally conservative form.

(i) The scheme is AC, which means that it gives a consistent discretization of incompressible Euler equations
in terms of Definition 3.1.

(ii1) Under some non-e-restrictive CFL constraint (3.20), the scheme is positivity preserving, i.e., pj > 0
provided that p > 0 for all j € S. Moreover the density is bounded away from zero, i.e., there exists some
pLp > 0 such that p% > pfp for all j €S.

(iv) Under (3.20) and sub-characteristic condition (3.32), the solution fulfills the local (cell) entropy (energy)
inequality, i.e.,

which is consistent with
8, (pE) + 0, ((pE + 6%)u) <0 inD(Qr).

(v) Under (3.20) and sub-characteristic condition (3.32), the computed density, momentum and velocity are
stable, i.e., bounded in ls-norm, uniformly in €.
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We analyze the properties of this scheme in the subsequent subsections. Note that the locally conservative
form of the scheme is proved in [14].

Remark 3.4. Throughout this section and the subsequent one, it is very natural to ask about the order of
magnitudes of quantities (in terms of €). For now, we only do the analysis formally; i.e., we only take the
explicit € into account and assume that all other quantities are O(1). But in a separate section, Section 3.2, we
justify this assumption.

3.1.1. Proof of asymptotic consistency (i)

At first, we show that the solution is close to the incompressible limit in the sense of Definition 3.1, i.e, constant
density up to the second order of asymptotic expansions, and a divergence free (solenoidal) zeroth-order velocity
component. Then, using these results, we prove that the scheme provides a consistent discretization of the PDE
in the limit € — 0. Thus, the asymptotic consistency in the sense of Definition 1.1 holds.

Considering Definitions 3.1 and 3.2, we consider a well-prepared solution at the step n, i.e.,

P = Poe + 52p?2)j7 (3.9)
P} = e + €y (3.10)
ui = ug, +eug);, (3.11)

where pfj., 75, and ug, are constant values. Here, we want to show that the scheme (3.1)—(3.3) preserves the
well-preparedness of the solution at the step n to the intermediate step n} and then to the next time step n+ 1.
For the Lagrange step, we start with the O(1/¢) terms in the mass equation, which yield

nf nt nt _
Toi+1 ~ 20y T )1 = 0
thus ”ELOT)]‘ is a linear sequence over j € S and due to periodic B.C. W&T)j = W&T) which is constant in space.

Since 7 and p are two independent variables at this level, we cannot conclude immediately that the same
is true for the density. But one can find their relation by combining (3.1)—(3.3) to find the update for the
relaxation pressure as

nt n

L i T g b\
pj Tt —+ Ix (UjJrl/z — ujfl/z) =0. (312)
Then using continuity (3.1), it yields
2 T n T ny\ _
a (TJ" — 7] ) + (ﬂ]" — 7rj) =0. (3.13)
From (3.13) it is clear that
2( nt n\ _ n nt nt n
a*(p;" = pj) = pjp" (m}" — 7). (3.14)

So, its O(1) part is

2/( nt o nt nt
a (p(O)j - 'O?O)j) - pELO)jp(o)j (W(o)j - WZB)j),

which gives that

nt

P(0); (a2 — 00 (W&T) — wgc)) =a’ph. = p?OT)j = pFOT) const. in space
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Then, due to periodic B.C. and by a spatial summation on (3.1), it can be found out that p?OT)j is constant in
time as well, i.e. p?OT)j = p§.. Also from the update of relaxation pressure 7, (3.12), and again periodic B.C. and

spatial summation, the numerical fluxes cancel out with each other and it turns out that 71'(0)] = 7(,, constant

in both time and space.
Next, we continue with momentum equation (there is no difference between w; and w; in this regard).

at oot _ oot

"T ﬂ-;} a n aAt J Ti—1 nt nf
(G + L) = (5 4+ ) = ST (e paut ).

So if one balances O(1/€?) terms, one obtains

alt ( nt __ni nf ot
Pem (o) = chwgc_ﬂ(%)j -1+ a(u{o); — W) 1))
which yields

nf nt nt nt _
Ty ~ a1 T a(“(o)j - u(O)j—l) =0. (3.15)

So, there is the possibility that both 71'(1) and u ; be constant in space. To show it, note that from O(1) terms
in continuity equation, one gets

At
_ nt nt TLT nt n
P(0)i =P(0); (1+2aA ( (uoy1 = o) = (7051 = 27, +”<1>J+1))>

At
T 2aAz’ 5 (M1 = 270y + T(0)541)-
So,
a(ufg);41 — Uoy—1) = (o1 = 2m(3); +7T(1)j+1) =0 (3.16)

Combining (3.16) and (3.15) yields that 77(1) 77(1T and “(o)] ZLOT). So, div uE"OT) =0.

Again, similar to the zeroth order, one can show that p(l) is constant in space and even WZLlT)j and p?;r)j are

constant in time, i.e., ”E?L)j = 77, and p(l)j = pT.. Hence, the solution of the Lagrange step is close to the
incompressible limit.

For the projection step, we show asymptotic consistency for the first case, u] 1y < 0 and @" J +1 /< 0. The
other cases can be done in a very similar way. In this case, it can be seen that

nt

nt
n n At n n T n
= PJ'T*QGAQC(PJL*PJ'TN*i]HE Tt a(ufly + T))

So O(1) terms give,
At
nl _  nt nt nt oy (- nt nt
P)j = Py gam[ (P0)1 = Ploys) (7)1 = (1))

- (f’u)m - /’?f)j)(”?ogm Z)T) )

+a(pfoh1 — Pliy) (o + “(OT)j)]’
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thus p?OJ)r; = ng)j = pi. and as a result p(o); Di.; it is constant as well. Similarly, one can find that the first
order components are also constant in time and space; if they do not exist in the initial condition, so at the

time ty,41 there is no O(e) pressure fluctuation:

p?lJ)r1 /’?T) 2aA;z:{ (/’(0 )i+l p(o )( (2)j+1 g)
(P(l )i+l p(1 )(” 1)g+1 g)
p(2)]+1 p(z )(” g+1 j)

+a(p(g)e1 — Py (i 1)y+1 + “M) )

a1 = A0) (Uihsan + (o) )]

and pii ;= o), = o = 0.

To show the div-free condition, one can consider O(1) terms of the momentum equation:

Pl oy = Py s gam{ (P<o 141~ Py oy) (T = Ta)y)
( (1 1 ?Jj+1 p(l ) (0 J)(” 0)J+1 g)
( 0)j+1 (1 j+1 P(og (1 )(” (0)j+1 — ])

+a(P(J)j+1“?J)j+1 p(Oj (0)g)< 0)J+1+“ )j)}

Thus u?OJ)rjl ?OT) = ug,, and the zeroth order component of velocity filed is solenoidal. Hence, combining the
results for the Lagrange and projection steps together, it is obvious that the limit properties is satisfied.

To prove asymptotic consistency in the sense of Definition 1.1, it remains to show the consistency of the
discretization in the limit. For the Lagrange step the consistency holds if the velocity update

nt

u; —uy 1 afe
J 7 nt nt nt nt nt _
At T 2Ame (”J‘H Ti= 1) T 2An (“J‘“ — 2y +“H> =9, (3.17)

j j

is a consistent discretization of yu + 50.m = 0 in the limit, when (3.17) gives

U?OT)J' B u?o)j 1 nt nt a nt nt n’f
a2+ amar (e~ ) = gaa (v — 200l Huihn) =0 @9
(0)j (0)j
It is clear that (3.18) is the Rusanov scheme applied to dyu(g) + 0.72) = 0, so the Lagrange step is AC.
To show the consistency of the discretization in the limit also for the projection step, comparing (2.18) and

(3. 5) it is sufficient to confirm that “(o)g+1/2 is consistent with u ). This is in fact the case, due to the definition

of @"",, in (3.4) and the asymptotic behavior of uELOT)j and ﬂleT)j, namely that u?g)j and 7r("f)j are constant in

J+1/2
space. So, the projection step (3.5) is a consistent discretization of (2.18). Hence the scheme is AC in the sense

of Definition 1.1.
3.1.2. Proof of density positivity (iii)
In this section, we show that the density is positive due to a time restriction which is not restrictive for small

€. From [14, eq. (2.25a)] we first define local acoustic CFL ratios pj, and local apparent propagation factor e;

as
aAt /e

‘LL] = Az;l) ej = m
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Then, one can write (3.2) as

w"” Ti ej w A;lil +(1—ej) E;l .

Since 0 < e; < 1 (which can be satisfied for all € uniformly), the updates for 1_0\]- and Ej are monotone, i.e., no

a

new extremum can be generated. To show it for w , assume that 7 is the index of maximum value of E?T, that

is w)T> wT, vjes. So,

i -

Thus E?Tgﬁzl and then max; @?Jrg max; @? So, it is bounded from above. The proofs for the lower-bound

nt

and w' are likewise. Hence,

m"<w<pr",
i (3.19)

m"<w} <M
Having (3.19), one can show the following theorem.

Theorem 3.5. For some At satisfying

At < 2a/e
=D EGETE

the LP-IMEX scheme preserves the positivity of density provided that p? >0 forall j €8.

(3.20)

Proof. In lines of [14], for the Lagrange step to satisfy positivity, one gets from 7-update that

At
nT ~nt
E( = j+1/2) <1, (3.21)

ensures p;”L > ( for all j € S. But on the other hand, At should be such that the projection step is a convex

combination, thus
At (ot \T_ (ont )T
8 ()" 50 ) <

Between (3.21) and (3.22) the stronger cc condition should be chosen, which is (3.22). Then, based on the definition
of @™, we express At in terms of M, M, m and m and then the proof holds. O

The next goal is to show that this bound for the time step is uniform in €, i.e., it does not vanish as the Mach
number goes to zero. One can pose the following corollary.

Corollary 3.6. For well-prepared initial data, the time step restriction (3.20) is uniform in €.

Proof. Recall that asymptotic consistency implies that with well-prepared initial datum and for ¢ < 1, the
density (and thus the pressure) has 3 C constant part as the zeroth-order term in the asymptotic expansion. So
the differences /" — m" and m" — M" are not of O(1/€?) but O(1/¢) and thus (3.20) is uniform in €. In other
words, the solution can be expanded w.r.t. €, so

—=n _ Doy n af n n —n o Po il a( in(u?
M= "o Fmaxpy; o+ 2 | Uo em]ax(“l»j) ’ Mz e i, o\ et emjm(ul’j) ’
—n Pg a m pg ¢

n n n n 1 i n i 5
M < = + m]axpzj - <u0 + em]ax(ul,j)> ) m- > 2 + mjmp2,j T <“0 + Emjm(uld)) :
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Thus,
M —m"< % (2ug +e€ (mjax(u?’j) + mjln(u?]))> + (m?ng,j - mjinpg’j) ’
mt - A< % <2ug —€ (mjax(uij) + mjln(u?y))> - <m]€%Xp§,j - mjinp;j) ;
and one gets
lim | — 2a/c B P (3.23)
€0 (Mn _ mn) _ (r_r\L" _ Mﬂ) O(2)+0(1)

Hence, there is an O(1) constant which bounds (3.20) from below, i.e., the condition (3.20) is uniform in e. O

Now, to show that for a finite time the density is bounded from below, one should prove the following lemma.

Lemma 3.7. Under the condition (3.20), the computed density p"*!

7T s bounded away from zero in a finite
time, where the lower-bound is given by

min,; p”
=9 > 0. (3.24)
1 Gaag (M7 M) = (" )
+ooag M+ M (m" +m")
Proof. From the 7-update (3.1) and ﬁ?llh == (E?T — E;Lj_l), one can get

_ i €At (ont _cnt b oot
Py =pj <1+M Wit Wiy — Wity twy ) )

So, to find the minimum value of the computed density, one should find the maximum value of the right-hand
side. Due to (3.19) and under the condition (3.21), it can be seen that

nt > Py .
1+ 2 (" + M™) = (" + ")

p

Thus, since the projection step is a convex combination under (3.20), the lower-bound is obtained as (3.24). O

3.1.3. Proof of local energy inequality (iv)

We show that the solution of the scheme satisfies the energy inequality under an e-independent time re-
striction. For the Lagrange step, based on [14, Theorem 2.3], we define the entropy function for symmetric
advections problem, (2.16)-(2.17), as

N N P 52w2
w,w) = s(w w =
W@, ) = 5(@) + 5(), () = g
So, it can be rewritten as
— 1 2 7T2 5 71'2
w0 =5 (P4 55) =F- 5+ 5 (3:25)

since after non-dimensionalization, one gets E = 6% + "72 where E(p) = ﬁp"’_l. For later use, we should
mention that such a definition of internal energy fulfills the Weyl’s assumptions as defined below.
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Definition 3.8. The Weyl’s assumption for the internal energy function are (see [14,49])
E>0, & =-p<0, &E,>0, &.,.-<0.

We also define an entropy flux function 1/1(1_0\ , E) as
N a N
(@, i) = % (s() — () = T2 (3.26)

Then, the cell entropy inequality reads as
g
At Az

J

1;[}7”1 7w’r.ti1
EARLI L} (3.27)

Substituting (3.25) and (3.26), one can relate the entropy inequality for symmetric advections problem, to the
energy inequality for the barotropic Euler equations, i.e.,

<7TU)"T (WU)NT i\ 2 5
i —_ n

nE?T—E?+ e jrye N jp P _ J’) — ()

Pi At Az — €2 ‘

(3.28)

—.pnt
_.Rj

Then, to prove entropy stability of the scheme, one should show that the entropy residual R?T is non-positive.

Considering 7 = p}, we rewrite R?T as

nt 2
n T =Py
nt ._ eont n Pj nf n <J ])
A 7 Vi) Rl v

TLT n n TL'}' n a’2 TLT n 2
(due to (4.12)) = &' — & + pj (Tj *Tj)* 9 (Tj 773‘) :

On the other hand, from Taylor expansion with integral remainder, one gets

ni

et =&+ Exluyan (- 71) + /:J £crle) (7)1 €) ae

n
J

Then, Weyl’s assumptions and change of variables in the integral (re-parameterization) yield that

2 rl +y
et=e - (=) + (71 -7) /0 Enr (77T (1 - Q) (3.29)

n

where 7 2 < Tra—¢ )7} So, for the entropy residual to be non-positive, one gets

Ry = (0 ) /O 1 (£ () —a) (1= Q¢ (3.30)

= (gt ) /0 1 (=pr(rj ) = a?) (1= Q¢ <0, (3.31)
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and a sufficient condition would be to set the integrand to be negative. Since p, = kyp'™" it yields

1 vl 7n 3 7 3 nti|e n
a? > /{f)/m]aXInélX <(p;}+ /z) > = mjax ((ij) ’ (Pj) > = max (||p T||2§M7 llp ”?m) , (3.32)

which satisfies the sub-characteristic condition as well as the energy inequality for the Lagrange step.
For the projection step, it is clear that due to Jensen’s inequality the energy inequality holds as

n n At ~\TL ~\ T
(pBy* < gyt - 2 ((pEu)jL/2 - (pEu)jL/2> . (3.33)
Combining (3.28) and (3.33) we get the energy inequality (3.8) under an e-uniform time restrictions (3.20) and
sub-characteristic condition (3.32).

3.1.4. Proof of £, -stability (v)
In this section, we prove the stability of LP-IMEX scheme in £,,-norm.

Lemma 3.9. For the well-prepared initial data, the computed density, momentum and velocity are stable in
Loo-norm uniformly in €.

Proof. As we have shown in the Appendix A for fixed ¢, the entropy stability is enough to conclude the £,
stability provided that the density is shown to be positive. Thus, the density, velocity and so the momentum
are stable. For the proof of e-uniformity of these result, we refer the reader to Appendix A. O

3.2. Rigorous analysis of asymptotic consistency

The proofs of asymptotic consistency for numerical schemes are often based on the formal asymptotic expan-
sion as we presented in Section 3.1, i.e., using a well-prepared initial datum one analyzes the update as ¢ — 0.
The analysis is rather formal; one usually does not show how the variables change in terms of €, but inserts an
asymptotic expansion into the scheme and does the formal asymptotic analysis, assuming implicitly that all the
variables are O(1) in terms of e. In this part, we show that it is possible for LP-IMEX to go further and show
asymptotic consistency more rigorously.

In this approach, the main point is to study the implicit step to check how the updated solution behaves as
€ — 0. Once we show that the unique updated solution does not blow up for the limit, one can combine it with
the update and show asymptotic consistency, e.g., by studying the kernel of the solution operator of the implicit
step. Such an analysis can also be done by combining the formal analysis in Section 3.1 with Theorem 3.10
below. The approach we present here to justify the formal analysis is akin to what has been used by Bispen
in [3], in the context of the Finite Volume Evolution Galerkin (FVEG) scheme [4].

Note that for the scheme written in the form of (3.1)-(3.3) , @™ and w"" should be computed implicitly,
and then 771 is obtained explicitly. Now, let us define A’ := [S| and consider the matrix J, as the N’ x N
coefficient matrix for the implicit update of w, ie.

Juw' =y, (3.34)
with
14 £55 0 - -1
et AzD
-1 14+ 2 0
— alt alAt
= . . , 3.35
J= = 0 y . 0 (3.35)
0 1 1+ et Az,
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= &, and i is a vector specified in the
case of barotropic Euler equations by (3.2), a =Az"ow" , where ® denotes the entry-wise or Hadamard
product. Notice that for the scheme (3.1)-(3. 3) n =1, and the reason to generalize the p is the extension of
the scheme for the shallow water equations with p = 2 that we will present later on in Sectlon 4. Likewise we
denote J p and y but, we will only present the proofs in this section and Section 4 for w since they are very
similar for w. With these definitions, one can pose the following theorem.

where p € {1,2} corresponds to the relaxation approx1mat10n as a =

Theorem 3.10. Consider the matrix Ju as defined in (3.35). Then
(1) J, is non-singular for all € > 0;

(#) lime_o || j;l || is bounded for any natural matric norm.

Proof. To prove (i), we show that ju has non-zero eigenvalues with positive real part. It is clear that matrix jﬂ is
strictly diagonally dominant (SDD), and it is a classical result that SDD matrices are non-singular; see [29, Thm.
6.1.10]. This is enough to show the non-singularity of J,, and so to conclude that the solution of the implicit
step, @M, is unique. However it is worth to remark that using the Gerschgorin’s circle theorem [29, Chap. 6],
it is also possible to show that the eigenvalues have positive real parts.

For the point (ii), from [48], the infinity-norm of the inverse of matrix M € R™*" provided that M is SDD,

can be bounded as

- 1
1M oo < oo 337 A(M) = | My = 7 [M;]. (3.36)
s i#i

For ju, one can find Ai(ju) = Az > 0. So there is an e-uniform bound for the infinity-norm of matrix inverse.
Since N is fixed, all matrix norms are equivalent which implies the point (ii). O

From Theorem 3.10 one can immediately conclude that a unique solution ||w"TH (thus a unique numerical

solutlon) exists, which has the same order as |[w"|| in terms of e. Also by Theorem 3.10 and (3.34), one can
see that w o ﬁl: O(e?), thus (due to similar results for w) W?OT) and u(o) are constant in space. This is
exactly the argument we made in the asymptotic consistency analysis in Section 3.1 but it is more rigorous
since Theorem 3.10 has shown the behavior of w and w in terms of ¢, rigorously. Since the projection step is

explicit, its asymptotic consistency can be simply studied as in Section 3.1.

Remark 3.11. This approach proves asymptotic consistency rigorously, i.e., the solution at any time step moves
to the limit as € — 0. This is the result that makes the uniformity proofs of the previous sections rigorous, as
been mentioned earlier in Remark 3.4.

Remark 3.12. To summarize, the scheme is AC and AS, and since the ju and lju can be inverted simply due
to their structure and that the time step is e-uniform, it is also AEf. Thus the scheme is AP in the sense of
Definition 1.1.

4. SHALLOW WATER EQUATIONS WITH TOPOGRAPHY

In this section, we show that similar stability arguments work for the LP-IMEX scheme applied to the
non-dimensionalized shallow water equations with non-flat bottom:

Oth + 9, (hu) = 0, (4.1)

O (hu) + 0y <hu2 + pi?) L (4.2)

)
62

where h stands for the water height and e denotes the Froude number, defined as the ratio of characteristic
speed to the speed of gravity waves. Also b(z) is the bottom function, and the pressure function is chosen as
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before p(h) = %2 Note that for this shallow water model to be valid, the bottom slope b, should be small

enough such that tan 6 ~ 6 where tané is the bottom slope; see [6] for details.
As one can see later on in Section 4.2.1, the asymptotic consistency of the Lagrange—projection scheme for

shallow water equations with non-flat bottom cannot be shown, if one uses the same o = ¢ as in Section 3.

So, here we propose a more diffusive relaxation system by using o = 5. We omit the details of splitting and
numerical scheme, and refer the reader to [8] and [11]. We should only emphasize that we treat the source
term implicitly in the Lagrange step, so the projection step is exactly like the homogeneous case (the barotropic
Euler equations).

The Lagrange step of the scheme can be written as

At
t_ ant gt
=T+ N (u;l_p/2 — u;.l_l/z) : (4.3)
j
wrt —gn At (it -t - Ata A1y b jyya 14)
J 7oA\ i-t 2 Az e '
. p At p Ata D27 1, by i
aont g L 9t (wrﬂr _ wrfr) j+1/2 Uz j+1/2 L5
J Ay g+l i)t e Az} e (45)
where b, i1, = % is the one-sided discretization of the bottom function, and the interface velocity is
defined as
u™ ™ 1 1
~ +1
at,, = LT — o (] =) = o (Agbega) - (4.6

Notice that this choice of b, ji1/, provides C-property (well-balancing for the lake at rest [5]) as we will see
later on. The projection step is like (3.5).
Let us define the limit solution and the well-prepared initial datum for the shallow water equations.

Definition 4.1. The formal limit of shallow water equations (4.1)—(4.2) is defined to be

Ny = h(o) + b = const., h(l) = const.,

div m(o) = O,

mi)
Oym oy + O T +p@e) | = —h@)bs,
(0)

where 7 := h + b is the water surface, and the asymptotic expansion is written as
h(x,t) = h(O) + eh(l) + 62h(2),
m(z,t) = my +em) + e2m(2).

Definition 4.2. For the shallow water equations (4.1)—(4.2), the well-prepared initial datum is defined as

ho() = by (x) + €he (x), wn
() () = mo) + emy (),

where ho)(z) = 100y — b(x) with constant 7 and m .

Before we discuss the stability results of shallow water equations with non-flat bottom, very briefly we review
the results for the flat bottom case as it has the same system of equations as barotropic Euler equations, but
this time the numerical approach uses different relaxation for the Lagrange step.
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4.1. Numerical analysis of LP-IMEX scheme for flat bottom

The results of this section are similar to Section 3.1, though with some differences. Also they will be used
later on for the non-flat bottom case. The following theorem summarizes the results.

Theorem 4.3. The LP-IMEX scheme (4.3)—(4.5) and (3.5), with well-prepared initial datum and flat bottom
assumption b, = 0, satisfies the following properties.

(i) It can be expressed in locally conservative form.

(i) The scheme is AC, which means that it gives a consistent discretization of the zero-Froude limit of shallow
water equations in terms of Definition 4.1.

(ii1) Under some non-e-restrictive CFL constraint (4.13), the scheme is positivity preserving, i.e., hj > 0
provided that h? > 0 for all j € S. Moreover the height is bounded away from zero, i.e., there exists some
hip >0 such that b} > hip for all j €S.

(iv) Under (4.13) and sub-characteristic condition (4.17), the solution fulfills the local (cell) entropy (energy)
inequality (3.8).

(v) Under (4.13) and sub-characteristic condition (4.17), the computed height, momentum and velocity are
stable, i.e., bounded in {s-norm, uniformly in €.

We analyze the properties of this scheme in the subsequent subsections. Like Section 3.1, the proof of locally
conservative form is skipped.

4.1.1. Proof of asymptotic consistency (ii)

To show that the solution approaches the limit manifold, we use the well-prepared data at time step n and
prove that the computed solution is also well-prepared. The initial datum reads as

Pi = T + €7y
uy = ug, + eugyy;, (4.10)

where hg,., 7. and ug, are constant values.
For the Lagrange step, we start by combining (4.3)—(4.5) to find the update for the relaxation pressure as

-

e T @ (et et Y (4.11)
N Az \ itz T Yimye) T :

If one combines it with the continuity equation (4.3), it yields

a? nt n nt n
6—2(T~ —T-)+(7Tj —7r->=0. (4.12)

J J J

So its O(1/€?) and O(1/¢) components give

2
a nt n _ nt n{ _
which yields

h?(;r)j = h{py; = (o) const. in space

h?lT)j = h{1y; = h{}) const. in space
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Next, we continue with the O(1/€?) terms in the momentum equation, both Ej and w j- Simply, one can see

nt

that Q_U\?J) - and Enf) 0); are constant in space. Thus 7r( and Ug); are constant, so the div-free condition is also

0)
fulfilled. The similar argument can be done for 7r( Hence, it turns out that the Lagrange step is
AC.

For the projection step, we show the asymptotic consistency for the case, u 1 5 < 0 and N”L 5 < 0. The
other cases can be done in a very similar way. The update for density is

7 == s () (o (it ") = (s78 = )

So, if we gather (9( ) and (9( ) terms, one can simply see that h?o")'l = h?oT) = h{j,. Similar argument holds for

n+1
h(l)] and thus p(o)] and p(l)]

and u(T

1)J 1)j°

To show the div-free condition, one should consider O(1) terms of the momentum update:

S = W = g (s = 1) (& (i +030,) = (s~ )

u?OJ)’jl = u?g)j = ug,, and the zeroth order component of velocity filed is solenoidal. Hence, combining the
asymptotic consistency results for the Lagrange and projection steps together, it is obvious that the limit
properties is satisfied.

The consistency of the discretization in the limit can be shown similar to Section 3.1, so the scheme is AC.
4.1.2. Proof of height positivity (iii)

In this section, we show that the height is positive due to a time restriction which is not restrictive for small
€. Also we show that the computed height has an e-uniform lower-bound. Very similarly to Section 3.1, one can
again show (3.19). Having (3.19) provides the following theorem.

Theorem 4.4. For some At satisfying
At 2a/€?
Azx S = N\t N N\
Tt )= (=)

the LP-IMEX scheme preserves the positivity of height provided that h? >0 for all j €S. Also (4.13) does not
vanish as the Mach number goes to zero, so it non-restrictive for e < 1.

(4.13)

Proof. The proof is similar as in Section 3.1; finally one gets

2a/€? 2a/€?
lim | — Za/e | e >C (4.14)
Hence, the condition (4.13), which provides positivity of the height, is uniform in e. O

Now, one can prove the following lemma similarly to Section 3.1.

Lemma 4.5. Under the condition (4.13), the computed height h?T is bounded away from zero in a finite time,
where the lower-bound is given by

. on
min; hj

Rl = > 0.
Ate?

1
* 2aAx

[(J\?” + ]\7[”) — (" + ﬁz”)]
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4.1.3. Proof of local energy inequality (iv)

The proof here is similar as in Section 3.1, only one should use s(w) := GZTM;, which gives
~ e 1, m E m

== T)l=e-=Z+ 2. 415
n(w;w) 2 (u + a2> €2 * 2a? (4.15)

Following the same procedure, one can easily obtain

nf nt n 2 ! n+1/2 2
CARN GRS / (=2 (7%) = (a/)?) (1 = Qa¢ <0, (4.16)
which yields

a® > max (|R")7_, IR"1Z.) (4.17)

which satisfies the sub-characteristic condition as well as the energy inequality for the Lagrange step.
There is no change in the proof of entropy inequality for the projection step, thus the result holds under the
e-uniform time restrictions (4.13) and sub-characteristic condition (4.17).

Remark 4.6. Tt is clear from (4.16) that the energy dissipation is very large for small ¢; in fact this is more than
enough. Thus one expects the scheme to be diffusive. Note also that although the sub-characteristic condition
suggests the parameter a to be of O(€?), such a choice ruins the e-uniformity of the time step restrictions. So,
as has been already done in the asymptotic consistency analysis, a = O(1) should be chosen.

4.1.4. Proof of L -stability (v)

Similarly to Section 3.1, one can show that for the well-prepared initial data, the computed height, momentum
and velocity are stable in £,,-norm uniformly in e. We skip the proof here.

Remark 4.7. Note that since the Theorem 3.10 applies to this case as well with p = 2, the asymptotic consistency
analysis we have presented is rigorous. Also, one can conclude AP property very similarly.

4.2. Numerical analysis of LP-IMEX scheme for non-flat bottom
For the non-flat bottom case, one can summarize the stability properties in the following theorem.

Theorem 4.8. The LP-IMEX scheme (4.3)—(4.5) and (3.5), applied to the shallow water equations with well-
prepared initial datum, satisfies the following properties.

(i) It can be expressed in locally conservative form for the density.

(i) The scheme is AC up to O(Ax), i.e., it preserves the div-free condition for the zero-Froude limit has and
(approzimately) correct asymptotic expansion for the computed solution in terms of Definition 4.1, up to
O(Ax).

(ii) Under some non-e-restrictive CFL constraint (4.19), the scheme is positivity preserving, i.e., h} > 0
provided that h? >0 forall j €8S.

(iv) Moreover, the scheme preserves the Lake at Rest (LaR), so it is well-balanced.

Now, we go through the proof of each part briefly, since the proofs are very similar to the case of flat bottom,
Section 4.1.

4.2.1. Proof of asymptotic consistency (ii)

As in Definition 4.1. the argument for the asymptotic consistency is very similar to the flat bottom case,
though with two important differences. The shallow water equations with non-flat bottom have different limit
as € — 0: the limit density (or height) is no longer constant, but the surface elevation is constant. Also rather
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than div-free velocity field, the momentum field should be solenoidal. Here we start with a well-prepared initial
datum in the sense of Definition 4.2.
For the Lagrange step, from (4.12) it can be obtained that

nt  _ pn nt _gn  _gpn  _ :
hy; = Poys» ha); = hiy; = h{1y = const. in space.

For the velocity, with the help of O(1/€*) terms of (4.4) and (4.5) we obtain that “(0) should be constant and

(s = 7ihs) + Debysnbagays =0. (4.18)

Remark 4.9. If one uses o = 2, the asymptotic consistency of the water height h™t cannot be concluded since
(4.12) should be replaced by (3.13). This is the reason we have used the diffusive relaxation system with o = %.

€

We now show the asymptotic consistency of the projection step for the case, u 1 5 < 0 and @ < 0. The

+1/2
other cases can be done in a very similar way. The O(1) height update gives

At
+1 _ ot nt nt nt nt nt nt n
hioy; = oy — 2aAx (h(O)jH h(O)J) ( ( U)j+1 T “(0>j) - (”(0>y‘+1 - 7T(O)j) - AZ(O)j+1/zbaw'+l/z)
At i

?O)j A Az U(o) (bj+1 - bj)
for smooth bottom functions, due to (4.18) and since u?g) is a constant as mentioned above in the asymptotic
consistency of Lagrange step. So, it yields that the scheme is not exactly AC for k), as long as the limit
velocity is non-zero. But for small bed slope assumption, the scheme is AC up to O(Ax), for h(g);. So, it is AC
up to O(Az). Regarding h(;);, due to asymptotic analysis (4.7), one can see that the situation is similar, i.e.,
h(1); is constant in time and space up to O(Az)-deviations.
Similarly, one can obtain that for the momentum the situation is the same, since

?J)j - % ((hu)?g)ﬁl + (hu) 0>J) (a ( Uoyj+1 T “(O)J) (77?0T)J'+1 (0)]) AZ(O)J+1/2bIJ+1/2)

At
_n nT n
*h( 0)j % <o> RNO), (h(oml h(0)1>

(hu)"otjl (hu)

Note that h?o) j E”L)j variations are as small as O(Az), so the momentum is consistent with the limit system up
to the order O(Ax).
Regarding the consistency of the discretization in the limit for the Lagrange step, one can, similar to Section

3.1, show that

At 2Ax

(hu)(o)] (hu) (0)4 1 a
nt o ni nt nt nt
(”<2>j+1 7T<2>H) t9As ( a1~ 2U2)541 T UG )J+1)

1 n bj —bj1 n bjt1 — b
T 2Ax (AZ(Q)j‘l/zAa; T v

which is a consistent discretization of Oyu+ 0,7 = —% in the limit. We refer the reader to consult with [8, Sect.
3.2.2] for this equation of the continuous Lagrange step; the only difference with [8, eq. (11)] is about the source

term which has been gravity and friction in [8]. The proof for the projection step is clear using the definition of
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ﬂ;’L /» and the relation (4.18). Hence the scheme is AC up to the O(Ax)-deviations from the zero-Froude limit
manifold.

4.2.2. Proof of height positivity (iii)

Compared to the time step restriction for the flat bottom case, there is an additional contribution due to the
source terms, which has the same singularity as in the convection part. Thus, it is not difficult to show that
due to (4.18) and since u?g) is constant in space, the condition (3.22) — with the interface velocity as defined

in (4.6) — can be fulfilled uniformly in e. So under the (stronger) following CFL condition (4.19), the scheme
is positivity preserving, and it is non-restrictive for small e.

At § 2a/€?
Az = [=nt cap\T T v n i
! (Mn —-m T) B (m " ) + e% (AZJ'+1/2 ’b%j-i-l/?‘ + AZj—l/2 |b”"j_1/2|)

(4.19)

Note that for this case, ]\_4\ , Fl, ]\_1\ and m are calculated at the time step nt, due to the lack of a relation like
(3.19).

4.2.3. Proof of well-balancing (C-property) (vi)

Lake at Rest or LaR is a very important equilibrium state which every shallow water scheme has to preserve.
It simply describes a steady water state with flat surface and zero velocity. The failure in satisfying LaR at the
discrete level, leads to spurious oscillations. To show that the scheme is well-balanced, i.e., it preserves LaR, at
first we show that the scheme may have such a solution if one starts with LaR initial datum. Then, we argue
that since the solution of the scheme is unique, then this should be the only case which can happen.

Looking at the projection step, one can see that to have a discrete solution at LaR equilibrium, the solution
on the manifold

h; .
Upur = {Uj = [(huj)j] |hj =mn—bj,u; =0,Vj € S},

with zero velocity and flat water surface, it is sufficient if one has U e Ug, r and ﬂ;lL /= 0 for all j € S.
Then, we can see that such a state is compatible with the scheme, i.e., the scheme may have such a solution.
It is clear for the projection step, but let us clarify it for the Lagrange step. For the Lagrange step, we have
three equations. The density equation is compatible with zero interface velocity and steady density. From
the discussion on the asymptotic consistency, we have (4.12) which clearly shows that for steady density, the
relaxation pressure would be also steady, so the solution remains at the equilibrium. It only remains to show

the compatibility condition for the velocity after the Lagrange update. One can find that u"f = u} =0 from

At
u, ' = u;_l _ 262Az§L (7Tj+1 — T+ hj,1/2(bj —bj_1)+ hj+1/2(bj+1 — bj)) - (4.20)

due to what we got above about the 7! and the flat surface.
Up to now, we have shown the existence of such a solution. By Theorem 3.10, one can simply show that the
solution is also unique (which should be the well-balanced solution), thus the well-balancing is concluded.

4.3. Rigorous analysis of asymptotic consistency

For the case of non-flat bottom, Theorem 3.10 also applies. But, since

Y=y(U"b)=A"0w" - L;—AZAZZ ® Ab_,
c 80—
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where Az” and Ab_ are the vectors of Az}, and (b; — bj—1) respectively, one can see that ||£|| = O(1/eh).

2

So using the boundedness of || jg || is futile to rigorously show asymptotic consistency. However, one can use

the structure of || j;l I, which proposes the following lemma.

Lemma 4.10. Denote j# = ;—gt jﬂ. Then,

(i) Denote the adjugate matrixz of ?u by adj (?lL), and the all-ones matriz of size N by 1nr. Then
adj (/) = (1+0(e") L,

(ii) det (?M) = O(et).

Proof. 1t is known that the inverse of a circulant matrix is also circulant [24]. So, it is enough if we show that

the entries of the first column of adj (,] u) are 1 + O(€?), which correspond to the first row of the cofactor

. HAZT . .. . .
matrix. We denote x; := % and for simplicity of the notation, we assume that x; = x is constant; the

proof is similar for the non-constant case. For the cofactor matrix, one can see that the entry of the first row
and j-th column is

~ . Kl [0) 1 N—j)
cof (J ) = (=111 det { (G-1)x(N=j 7
#)yy =Y Ow-i)x@i-1) K

where Oy, is a zero matrix of size ¢ x r, and K; and K> are defined as

~1 1+x 0 - 0 1+x 0 - 0
K — 0 -1 1+x : ’ Ky — -1 14x

Then, it is clear that

cof (7,) | = (1P 40N = (14N
15
Hence, all the entries of cof (?ﬂ) and so ad] (i) are 1 + O(e"). As we mentioned, the proof for the scheme

(4.3)-(4.5) with non-constant y; is similar.
For the point (ii), at first we show that the circulant matrix of central upwind discretization 04 defined as

04 = Circ(1, 0,...,0,—1)
——

N =2 times

has rank A/ — 1. To show that, we recall the explicit relation for the eigenvalues of a circulant matrix [24, eq.
(3.7)], which for §; gives 1 — w;-v*l as the eigenvalues for j = 0,1,...,N — 1, where w; := e** is the N'th-root

of unity. So, for the eigenvalues to be zero, TR = 1, which is only possible for j = 0, so there is exactly one
zero eigenvalue, and the rank of §; is A' — 1. From this result, and by assuming x; to be constant, among the

eigenvalues of J, denoted by A; for j = 1,2,..., N, there is exactly one which has been shifted to O(e*), while
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all other eigenvalues are O(1); thus

N
det ( ) 1;[ (4.21)

For the case of non-constant x;, one can use the perturbation theory of eigenvalues like [43, Appendix K] and [2].
For example, using [43, Appendix K], one can simply find that the eigenvalues of 61 would be perturbed by
N+ 2)6“/N which vanishes as € — 0. So, the perturbation is small in terms of €, and the same result as 4.21
holds. O

Lemma 4.10 implies that the implicit operator is almost constant up to some deviations of order O(e").
Using this and periodic boundary conditions, one can show the following theorem.

nf

Theorem 4.11. The norm of the updated Lagrange solution w"', is at most as large as |w"| = O(1/€2), for

periodic or compactly supported boundary conditions.

~—1

Proof. Set u = 2. Then by Lemma 4.10, the leading part of J, is constant. For the statement of the theorem
~—1_,
to be true, we should show that such a structure makes .J, ¥ of O(1/€?). In other words, it filters the O(1/€*)

part of the Q; we denote it as Q* = f%Azﬁ ® Ab_. So, one can find that
Y = =5 (P7 +pj-1) (b = bj-1)
A
=—5a (277(0) —bj —bj1+ (9(62)) (bj —bj—1)
aAt

= T 5d (277(0) —bj —b;- ) (b = bj—1) + O(1/€*),

due to the well-preparedness of initial datum.
N ~—1 ~—1_.,
Now, it is enough to show that ¥ = belongs to the kernel of the leading order of ., ,ie., [|J, ¥ | = O(1/€).

One can show it simply by making a spatial summation and use the boundary condition, i.e.,

A
== S (2t 05— by - (5 - 1) ] =0,

J

Hence, the O(1/e*) terms vanish and one is left with the contributions of order O(1/¢€?). O

Note that the similar results of Lemma 4.10 and Theorem 4.11, hold for j wand w respectively. This implies
the following corollary.

Corollary 4.12. The asymptotic consistency analysis for the scheme LP-IMEX scheme, (4.3)-(4.5) and (3.5)
s Tigorous, i.e, the asymptotic expansion is valid.

Proof. Due to Theorem 4.11, the implicit step preserves the order of ||@|| So, the order of u"*! and 7"*! are

O(1), and the asymptotic consistency analysis is rigorous. This concludes the rigorous asymptotic consistency
of the implicit step, and also the whole scheme since the explicit step has already been shown to be AC. O

APPENDIX A. ENTROPY STABILITY IN THE ZERO-MACH LIMIT

In this section, we discuss the consequences of entropy stability for € — 0 to show the stability of the solution
and, due to the compactness, its strong convergence to some limit. Note that this is not the classical convergence
result for Ax — 0. Here the main objective is to discuss the stability region which entropy stability provides. It



24 TITLE WILL BE SET BY THE PUBLISHER

also gives some a priori information about the asymptotic consistency, although it cannot recover it completely
since it does not use any detail of spatial or time integration, and even the splitting. This analysis assumes the
positivity of density and energy inequality, so it is not limited to LP-IMEX scheme.

The procedure is as follows: Firstly, we recall that positivity and energy inequality gives boundedness of the
density and, but not directly in the limit ¢ — 0. We then show this boundedness ¢ — 0, thus the existence of
a converging subsequence due to the compactness. Then, we show that the limit density is the incompressible
limit solution.

Denote entropy function J := pFE and assume a fixed grid of size N'. We make a spatial summation on (3.8)
to get

SNgwrth <Y oW =Y gt <> I < Ce < oo (A1)

k)€

y—1

2
If in addition we assume positivity, then since J(U) = %(p Z) + p? is always positive, thus

0<JU™M<C. Vjes.

One immediate result, for fixed ¢, is the £-boundedness, i.e., p € £ (S) and u € £ (S). So the energy inequality
accompanied with positivity, provides a stability region Z° which depends on the initial condition as well as e.
But how does the stability region =0 change if rather than fixed €, we consider ¢ — 07 If one keeps the grid
fixed and considers € — 0, the boundedness of the density is rather clear, either due to positivity accompanied
with the conservation of scheme, or due to the boundedness of the entropy. But it is not straightforward to
conclude the boundedness of the velocity. This is the first question we want to answer in this section.

Also note that the boundedness of the density sequence w.r.t. € provides strong convergence. In other words,
solutions with positive density, owing to the compactness of the space, have a converging sequence of vectors
{p="™} for any time step n that converges strongly to some limit p®="" i.e.,

Jim [t = ptn]], = 0.

Here € is a sequence approaching 0, to the incompressible limit. But it is not clear whether or not the limit
is in the space of incompressible solutions. To determine whether the limit is the correct limit, is the second
question we discuss in this section.

In what follows, with the help of energy inequality we show that the computed density by the scheme
actually converges to its incompressible limit. We then show that the same assumptions are not enough to
prove asymptotic consistency of the velocity, i.e., the div-free condition; nonetheless the boundedness of the
velocity sequence, so its convergence to some limit, can be obtained. We discuss the results in the following
lemma.

Lemma A.1. Consider N -vector sequence {pek’”} in k, accompanied with well-prepared initial data, as the
discrete density solution of the barotropic Euler equations (2.1)-(2.2). Assume that the scheme satisfies density
positivity and energy inequality. Then as € — 0 the sequence is bounded and approaches the incompressible limit
{p%"} with the rate of O(e). Moreover the sequence of velocity {u"} is bounded in {u.

Remark A.2. Both from formal asymptotic expansion and rigorous analysis [35], one expects to see the conver-
gence of density to its incompressible limit with O(e?) rate. However the convergence rate of Lemma A.1 is not
optimal. We see that exactly due to this issue, the asymptotic consistency of the velocity cannot be obtained
by these assumptions.

Proof. Consider the well-prepared initial datum as pffo = p0 + 55’0 with (5;’0 = O(€?). Then write the density
at the time step n as p{" := p»%+6;". Then due to conservation of scheme o™, = ||,o€’0 Hzl’ one can simply
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get

S =350 = NO(E). (A.2)

7 7

So, it seems that in the limit the density, in general, oscillates around a constant state. But this does not give
us convergence since the perturbations have no sign. By energy inequality one can see that

S ST () v o Q= (0t (o)

i
where 15° = O(e) to fulfill the well-preparedness of initial datum. Then combining (A.2) and (A.3) yields
en2 _ ||50,m (|2 2 _ 2
J8m 2, = [[8%"||7, + Coe® = O(e2),
which shows that each component converges to the incompressible limit with— at least —O(e) rate; thus, the

sequence is bounded in terms of e. However, this rate is smaller that what one would expect; this is all can be
got by these assumptions. Furthermore, by straightforward calculations, one can show that

|12 = 112017, = 116°"117, + O(e') = O(e?)

and then by the complete energy inequality, not (A.3), one can obtain

73 P [0

<O(1
§ o).

thus H (puz)e’n is bounded, and since the density converges to the incompressible limit uniformly which is
- 1

away from zero, the velocity is bounded as well. O

Remark A.3. Tt is not difficult to show, with the additional assumption of [|8°"||,, = O(€?), that HE’"HE2 =
O(e). Thus the asymptotic consistency would be obtained completely.

The similar analysis can be done for the case of shallow water equations. Here we state the main result and
the sketch of the proof.

Lemma A.4. Consider N -vector sequence {h*'"} in k, accompanied with well-prepared initial data, as the
discrete height solution of the shallow water equations (4.1)-(4.2). Assume that the sequence satisfies height
positivity and energy inequality. Then as € — 0 the sequence is bounded and approaches the zero-Froude limat
{@0’"} with the rate of O(e). Moreover the sequence of velocity {u"} is bounded in €.

Proof. Consider the well-prepared initial datum as hf—’o =n—b;+ (5;’0 with 65’0 = O(e). Then write the height
at the time step n as k™ := 1 — b; + 0;""". Using mass conservation one can find 3y, 6;" = 3=, 6;"" and from
energy inequality

> ((n — b+ 0™ 4+ 2b; (1 — by + 65’")) <> ((77 — b+ 65’0)2 +2b; (77 — b+ 65’())) + Coé?,

% %

2
with Cp := ), (ho,o + 55’0) (uo,o + uf’o) , one concludes that [|6°"(|,, = O(e), thus by arguments similar to
Lemma A.1 the velocity is also bounded. O
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2. CONCLUSION AND FUTURE WORKS

In this paper, we have investigated the stability results of the LP-IMEX scheme for one-dimensional barotropic
Euler equations, which has been presented in [14], regarding the uniformity in terms of Mach number with well-
prepared initial data. We have shown that the scheme is asymptotically consistent (not only formally but also
rigorously), also have obtained a Mach-uniform time step restriction which provides entropy inequality, density
positivity, as well as stability of the solution in £.,-norm. Also, we have extended the analysis to the shallow
water equations with non-flat bottom as an important example of balance laws.

The natural next step would be to extend this analysis to the full Euler equations or multiple space dimensions,
which are formidable tasks, particularly the latter as has been discussed to some extent in [9,20]. Also as been
done in [37] by the compensated compactness approach, it is of interest to prove the convergence of the scheme
to the unique entropy solution.
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