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Abstract. We consider high-order discretizations of a Cauchy problem where the evolution
operator comprises a hyperbolic part and a parabolic part with diffusion and stiff relaxation terms.
We propose a technique that makes every implicit-explicit (IMEX) time stepping scheme invariant-
domain preserving and mass conservative. Following the ideas introduced in Part I on explicit Runge—
Kutta schemes, the IMEX scheme is written in incremental form. At each stage, we first combine a
low-order and a high-order hyperbolic update using a limiting operator, then we combine a low-order
and a high-order parabolic update using another limiting operator. The proposed technique, which
is agnostic to the space discretization, allows one to optimize the time step restrictions induced by
the hyperbolic substep. To illustrate the proposed methodology, we derive four novel IMEX methods
with optimal efficiency. All the implicit schemes are singly diagonal. One of them is A-stable and
the other three are L-stable. The novel IMEX schemes are evaluated numerically on systems of stiff
ordinary differential equations and nonlinear conservation equations.
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1. Introduction. This work is the second part of a project started in [13] whose
objective is to develop Runge-Kutta time stepping schemes that are invariant-domain
preserving and conservative. The scope of the present work lies in the approximation
of the following Cauchy problem posed on the space domain D C R? and the time
interval J:=(0,7") with T > 0:

(1.1) ou+ f(u)+g(u,Vu)=0in D x J, u(0) =wugin D,

supplemented with appropriate boundary conditions. The dependent variable u takes
values in R™ with m > 1. The operator f :.4 — R™ represents the hyperbolic part
of the problem, and the operator g : A x R™*4 s R™ represents the parabolic part,
typically associated with diffusion and (stiff) relaxation processes. Here, A is the
domain of f and A x R™*? is the domain of g. In the applications we have in mind,
these operators have the following structure:

(1.2) f(u) =V f(u), g(u,Vu) =V-d(u, Vu) + r(u),
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A2512 ERN ALEXANDRE AND JEAN-LUC GUERMOND

with the hyperbolic flux f: A4 — R™*¢, the diffusive flux d: A x R™*¢ — R™*? and
the relaxation operator r: 4 — R™.

As it is out of the scope of the paper to discuss the existence and uniqueness of
solutions to (1.1), we assume that this problem admits a reasonable class of solutions.
We also assume that the set A C R™ is an invariant domain for this solution class.
This means that if ug(x) € A for a.e. x in D (and up to perturbations resulting from
boundary conditions which go beyond the scope of the paper), then any admissible
solution to (1.1) takes values in A at a.e.  in D at a.e. time t € [0,7]. The set A
may depend on ug. A simple example is the scalar convection-diffusion equation (i.e.,
m = 1), in which case the interval A := [ess infyec pug(x),ess supzepuo(x)] CR is an
invariant domain. Two more elaborate examples are the compressible Euler equations
and the compressible Navier—Stokes equations. For these equations, the conserved
variable u takes values in R%™2, and its components are the density, the momentum,
and the total mechanical energy (i.e., m =d + 2). An invariant domain for the com-
pressible Euler equations is the set A composed of those states with positive density,
positive internal energy, and specific entropy s(u) larger than ess infyeps(ug(x)). An
invariant domain for the compressible Navier—Stokes equations is the set A composed
of those states with positive density and positive internal energy. Another important
property of (1.1) is conservation. We assume that there is a matrix C € R™ *™ for
some m’ € {1:m}, so that Cr(u) = 0. This means that the relaxation process does
not affect the variables Cu. A simple example is when the rows of C' are composed of
m/ line vectors from the Cartesian basis of R™. Then, again in the absence of pertur-
bations due to the boundary conditions, the following conservation property holds:

(1.3) /Cu(t,-)dx:/ Cupdz Vi e J
D D

The objective of this work is to construct high-order discretizations in space and
time that are conservative and leave the set A invariant. Such methods are called
invariant-domain preserving for A, or IDP for short. To stay general, our starting
point is a system of ordinary differential equations (ODEs) obtained after discretiza-
tion in space of the conservation equation (1.1). In this paper, we mainly focus on the
time discretization. The time discretization methods we are going to present can be
combined with various space discretization techniques (e.g., discontinuous and con-
tinuous finite elements, finite volumes, and finite differences). We assume that the
ODE system takes the following generic form:

(1.4) Mo,U=F(U)+G(U) VteJ,  U(0)=U,.

The mass matrix M is induced by the space discretization (it is the Gram matrix as-
sociated with the global shape functions of the space approximation). The dependent
variable U(t) takes values in (R™)! where I > 1 is the number of degrees of freedom
(dofs) employed in the space discretization. We set V := {1 : I} := {1,...,I} and
write U(t) := (U;(t))icy. For all i €V, the local state vector U;(t) = (Up,i(t))pef1:m}
is viewed as an approximation of the exact solution u(¢,-) at some point in D, say x;.
The nonlinear mappings F € C°(A’; (R™)!) and G € C°(A’; (R™)!) result from the
space discretization of the operators —f and —g in (1.1), respectively, and Uy € A’
is an appropriate approximation in space of the initial datum wg. We loosely refer
to the mappings F and G as the hyperbolic flux and the parabolic flux, respectively.
Assuming that U;(0) € A for all ¢ € V, saying that the space approximation is IDP
means that
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(1.5) Ut)e Al vteld

Saying that the method is conservative means that (the mass, m;, associated with the
dof i €V is defined in (2.6))

% %

Using an implicit scheme to discretize in time the ODE system (1.4) is often too
expensive owing to the nonlinearities involved in the fluxes F and G, whereas using
an explicit scheme results in a severe restriction on the time step owing to stiffness
induced by the parabolic flux G. A well-known remedy to this conundrum is to resort
to implicit-explicit (IMEX) schemes, where the numerical flux F is treated explic-
itly, and the numerical flux G is treated implicitly. The origin of IMEX schemes
can be traced back to [10, 36]. We also refer the reader to [1, 2, 6, 21, 30, 31, 40]
for other developments. Despite these advances, a crucial question that still remains
open is how to reconcile the use of an IMEX time stepping scheme with the above
invariant-domain property, while at the same time ensuring conservation. Building
on [13], we propose in the paper an answer to this question. More precisely, we intro-
duce a technique that makes every IMEX Runge-Kutta (RK) time stepping method
IDP and conservative. The resulting schemes are called “IDP-IMEX” schemes. Re-
call that the technique introduced in [13] makes every explicit RK scheme IDP. The
two key ideas of the method consist of externalizing the limiting operation at each
stage of the RK scheme and rewriting the RK scheme in incremental form so as to
maximize its efficiency. The idea of externalizing the limiter is also considered in
[25] for explicit RK schemes and in [32] for diagonally implicit RK schemes, but the
central idea of writing the scheme in incremental form and maximizing efficiency is
only developed in [13] for explicit RK schemes and in the present work for IMEX
schemes.

This work is organized as follows. In section 2, we outline the discrete setting
in space and time, we identify the key assumptions, and we exemplify these notions
for the simplest IMEX scheme composed of one forward Euler step followed by one
backward Euler step. In section 3, we extend these ideas and build higher-order IDP-
IMEX schemes. We introduce a generic IDP-IMEX algorithm composed of the steps
(3.9) to (3.21), whose properties are stated in Theorem 3.3. In section 4, we review
some examples of higher-order IMEX schemes, and we derive four novel examples
with optimal efficiency. Finally, in section 5, we present numerical illustrations on
systems of stiff ODEs and nonlinear conservation equations.

2. Preliminaries. The goal of this section is threefold: (i) introduce the discrete
setting in space and time; (ii) identify the key ideas and assumptions; and (iii) exem-
plify these notions for the Euler IMEX scheme. All this material is used in section 3,
where we introduce the novel higher-order IDP-IMEX schemes.

2.1. Time discretization and quasi-linearization. Let ™ € [0,T] be the
current time with n € {0: N}, t°:=0, and ¢ :=T. Let 7" be the current time step,
and let "1 :=¢" 4+ 7. To simplify the notation, we henceforth write 7 instead of
7. Let U™ be the approximation of the solution to (1.4) at the discrete time ¢™. The
key invariant-domain property we want to achieve is the following:

(2.1) Urec A= (U™t cAl)  vn>o0.

Copyright (©) by SIAM. Unauthorized reproduction of this article is prohibited.



Downloaded 09/22/23 to 165.91.112.16 . Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/terms-privacy

A2514 ERN ALEXANDRE AND JEAN-LUC GUERMOND

And we want to achieve (2.1) while maintaining conservation. The notion of con-
servation will be made more precise below, but for the time being, conservation is
expressed at the global level by requiring that (the mass m; is defined in (2.6))

2% %

To avoid solving a nonlinear problem at each time step when the parabolic fluxes
are made implicit, we introduce a quasi-linearization process (the way this is done is
made more precise in sections 2.2 and 2.3). We consider a quasi-linearized parabolic
flux G"™ € CO(A! x (R™); (R™)7) that is consistent with G, i.e.,

(2.3) G'"(W;W)=G(W) vYWe Al

We assume that this flux is such that for all W € A? and all V € (R™), the problem
consisting of seeking U € (R™)” so that

(2.4) MU — 7G"™(W; U) = MV

is well-posed and easy to solve. For instance, this problem could only involve linear
solves. Notice that this does not mean that the mapping U — G(W;U) is linear; see
section 5 for examples. Owing to the above quasi-linearization process, we reformulate
(1.4) over the time interval J" := [t",t"*1] as follows: Find U € C(J";(R™)!) so
that U(¢"™) =U" and for all t € J™,

(2.5) Mo,U = F(U) + G(U) — G"™(U™;U) + G"™ (U™ U).

explicit implicit

2.2. Space discretization and conservation structure. Let us now give
details on the space discretization. We consider two space discretizations. The first
one is low-order accurate and referred to with the superscript . The second one is
high-order accurate and referred to with the superscript ®. The low-order scheme is
based on a low-order invertible mass matrix M* € R?*! and low-order fluxes FL, G-
AL — (R™)I. The high-order scheme is based on a high-order invertible mass matrix
M" e R” and high-order fluxes F*, GH : AT — (R™)/.

We assume that M is symmetric positive-definite with entries (m;;); jey and Yk
is diagonal with positive entries (d;;m;); jey. For all ¢ € V, we introduce the subset
Z(:) €V such that m;; #0 for all j € Z(z). We call Z(¢) the stencil at ¢. The notion of
stencil is symmetric, i.e., j € Z(i) iff ¢ € Z(j) because m;; = mj;. Finally, we assume
that

(26) m; = Zmij = iji VieV,

JEV JEV

and we set dm;; := m;; —m;d;;. In the finite element terminology, this means that
the low-order mass matrix M" is the lumped version of the high-order mass matrix
M". For every matrix M € R/ and every vector V € (R™)! with components V, ;,
with p € {1:m} and i € V, the components of the vector MV € (R™)! are defined to
be (MV),;:=3",c,mijVp,; for all pe {1:m} and all i € V.

The components of the low-order and high-order hyperbolic fluxes are denoted
F'(V) € R™ and F;'(V) € R™ for all i € V and all V € A!. To account for the
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conservation principle associated with the hyperbolic fluxes, we assume that these
fluxes admit the stencil-based decomposition

(2.7) Z F; = Y Fj e A,

JEZ(1 JEL(i)

where F”, Fg € CY(AL;R™), and we assume the following skew-symmetry property:

(2.8) Fii(V) = —F%(V), Fii(V)=—F5(V)  VieV, Vje(i).

The same structure is assumed for the parabolic fluxes, namely (for brevity, we
only write the statements for the high-order fluxes),

(29) G'(V)= Y DI(V)+RI(V), D}(V)=-Dj(V) VieV,VjeL(i.
JEL(i)

For instance, using continuous finite elements with shape functions {,}, jey: and
assuming for simplicity the parabolic operator to be the Laplacian, we have D (V) =
Jp Ve;-Veidz(V;—V;) = DH( ). Consistently with our assumption that Cr( )=
0, we assume that CR} (V) =0 for all i € V.

The quasi-linearization process mentioned in (2.5) is performed for both the low-
order and high-order parabolic fluxes. This leads to quasi-linearized parabolic fluxes
GUlin G e 0O(AT x (R™)T; (R™)T), which we assume satisfy the following decom-
positions and properties:

(2.10) GM(WiV) = > DET(W; V) + R (W),

JEL(4)
(2.11) G (W V)= > DYWL V) + RPN (WL V),
JEL(4)
(212)  DE™(W;V) =-D3"(W; V), D} (W; V) = —D5 ™ (W; V),

(2.13) CRI'™=CR"" =0 Viev.

In conclusion, we consider two versions of the ODE system (2.5) over the time interval
J™ = [t ¢ 1], The first one corresponds to the low-order space discretization:

(2.14) M"9,U" = F*(U") + G™"™ (U™ u").
—_—
explicit implicit

The second one corresponds to the high-order space discretization:

(215) MHatUH — FH(UH) + GH(UH) _ GH,lin(Un; UH) + GH,lin(Un; UH) )

explicit implicit

Consistently with our assumption on (2.4), we assume that for all W € A’ and all
V € (R™)!, the following problems are well-posed and easy to solve: Find U* U™ ¢
(R™)! so that

(2.16)  MUUY - rGHIr(wi Ut =MEv,  MPUM - 2P (Wi U = M.
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2.3. Structural IDP assumptions. To gently introduce our ideas, let us con-
sider the well-known IMEX method consisting of combining the forward and the
backward Euler schemes. We call this method Euler IMEX. Let us apply it to the
low-order ODE system (2.14). Let U™ € A!. The first step is explicit and consists of
computing the hyperbolic prediction

(2.17) W = T+ 7(M") " F") (U™).

The second step is implicit and consists of computing the final state ybntt by solving
the quasi-linear problem

(218) (]I _ T(ML)fch,lin(WLm; )) (UL,n+1) _ WL,n.
Altogether, we have
(219) MLUL,TH-l _ MLUn + TFL(Un) + 7_GL,lin (WL,n; UL7"+1).

This leads us to formulate the following two key structural assumptions.

Assumption 2.1 (low-order fluxes). There exists 7* > 0 s.t. for all 7 € (0,7%],

(2.20) {(Vedl } = { (T+7(M")'FH) (V) e A},
(2.21) {(Ved ) — {(T—7(M")1GM1(v; ) TH (V) e AT ).

The following result prefigures what we are aiming at. We omit the proof since
it is somewhat standard.

LeEMMA 2.2 (low-order Euler IDP-IMEX scheme). Assume that U™ € Al and
7€ (0,7*]. Then the low-order Euler IMEX scheme (2.19) is well-defined, IDP, and
conservative, i.e., U € AT and Diey m;CUF" ! = > icy miCUY.

Remark 2.3 (time step restriction). In many situations, the time step restriction
7 € (0,7*] is only required for the invariant-domain property of the hyperbolic step
(2.20) to hold. The invariant-domain property of the parabolic step (2.21) can often
be shown to hold for every time step 7> 0.

Of course, the above result is of little interest since what we actually want is to
use a high-order approximation in space. The Euler IMEX scheme applied to the
high-order ODE system (2.15) consists of seeking U™ e (R™)! so that

(2.22) MEUT T = MPUT 4 7 FE (U 4 G (U U,

Similarly to (2.19), the method (2.22) is composed of two steps. The first one consists
of computing the forward Euler prediction W™ .= I+ r(MT)~TFT)(U"). The
second one consists of computing the parabolic update T by solving the quasi-
linear problem (I—7(M")~1G""™(U";-)) (U1 = W'". Unfortunately, there is no
guarantee that yintt belongs to A’, i.e., the high-order counterpart of Lemma 2.2
does not hold true in general.

This problem is solved in the literature by using nonlinear limiting operators; see
[4, 37, 29, 19]. Limiting is realized in the discontinuous Galerkin and finite volume
settings by squeezing the high-order approximation towards the piecewise constant
approximation over each mesh cell (see [33, Thm. 2.1], [8, Thm. 4.3], [26, Thm. 1],
and [38, Thm. 2.5]). A well-known limiting method for scalar conservation equations
is the so-called flux-corrected transport (FCT) technique of [4] and [37]. The reader is
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also referred to [23, 24] for extensions. For hyperbolic systems, so-called synchronized
algorithms, which still compute limiters based on sequentially determined bounds for
each scalar component, are considered in [34] (see also [27] and the references therein
for extensions). Nonlinear limiting algorithms enforcing bounds coupling together
several components in a nonaffine manner are derived in, e.g., [33, Lem. 3.3|, [8,
Thm. 4.3], [26, Thm. 2], [39, Lem. 2.4], and [15, 16]. The key idea common to all the
above techniques is the decomposition of the flux over the stencils in skew-symmetric
components as in (2.7), (2.8), and (2.9).

In the present work, we are going to consider two limiters: one to compute the hy-
perbolic prediction and another to compute the parabolic update. We now introduce
the corresponding notation. Let £ be the collection of the sparse symmetric matrices
n R™* with the sparsity pattern induced by the stencils (Z(i));cy and coefficients
in [0,1]. We also let 9 be the collection of the skew-symmetric matrices in (R™)?*!
with the block-sparsity pattern induced by the stencils (Z(¢));cy. Finally, we define
B :=ker(C) CR™.

DEFINITION 2.4 (conservative hyperbolic limiter). Let (Vi + mil ZjeI(i) Aij)iev
be a hyperbolic prediction, with V := (V;)icy € Al and A := (Aij)iev jez) € M.
We call conservative hyperbolic limiter any operator P : Al x 9 > (V,A) —
(Uij)iev,jez) € £ s.t. the following holds:

(2.23) vi+% 3 A A Viev.
" JEL(i)

For brevity, the state (V; + mil > 0 i) iey € Al is denoted by ghyp(\/?A)'

DEFINITION 2.5 (conservative parabolic limiter). Let (V; + e 2er) Aij
B, )zev be a parabolic update with V := (V;)icy € AL, A= (Aij)iev jez() € M,
and B := (B;)iey € BY. We call conservative parabolic limiter any operator £P¥ :
Al 5 x BI3(V,A,B) = ((£4)iev jez(i), (2)iev) € £ x [0,1] s.t. the following
holds:

JEL(

(2.24) v+—Z£ Aij + — ébB eA Viev.
JEL(4)

For brevity, the state Vi + 7= i 7y (A + =B, is denoted by £°(V, A, B).

The existence of limiters is guaranteed since the trivial limiters £™?(V,A) = V
(ie., £;; =0 for all i €V and all j € Z(i)) and £**(V,A,B) =V (i.e, {}; = = ¢ =0 for
all i €V and all j € Z(i)) are always admissible because V € A!. Of course, the trivial

limiters are inefficient. The goal of limiters is to construct the limiting coefficients ¢;;,

3, and % as close to 1 as possible. Regardless of the values taken by the limiters, an

important property of the limiters is conservativity.
LEMMA 2.6 (conservation). For all (V,A,B) € Al x M x BL, we have

(2.25) Y m,CLY(V,A);=> m,CV;, Y mCL"(V,A,B);=> m;CV,.
i€V i€V i€V i€V
Proof. For the parabolic limiter, we have

S miCrt(V,AB) =Y miOV +7CY | Y A,

i€V S 1€V jeL()
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because B € B! and B = ker(C). But the symmetry property 63, = {5, and the
skew-symmetry property A;; = —A;; imply that >y, > c7(;) €f;Ai; =0, whence the
assertion. The proof for the hyperbolic limiter is similar. 0

2.4. Euler IDP-IMEX scheme. All the ingredients are now in place to make
the Euler IMEX scheme invariant-domain preserving with high-order space discretiza-
tion. Given U™ € A’, the scheme is decomposed into the following four steps:

(226) U (1) (WL ,n+1 WH n+1) (2) Wn+1 (UL ,n—+1 UH n+1) (4) Un-‘,—l'

hyperbolic step parabolic step

Let us now give the details of the four steps. We essentially follow Zalesak’s limiting
strategy [37, eqn. (4)] for both the hyperbolic and the parabolic steps.

Hyperbolic steps (1) and (2). Step (1) consists of computing the low-order
and high-order hyperbolic updates

(2.27) MEwE = MU 4 rFR (U,
(2.28) MAEWH . — MHU” 4 7FR (U™,

In step (2), we apply the hyperbolic limiting operator. Subtracting (2.27) from (2.28)
and using (2.7) and (2.8), elementary manipulations show that for all : € V,

(2.29) wibm gl Z A7,
JGI

omy;
. n . H n L n 7
(2.30)  with Al :=FlL(U") —FX(U )——J

(WEmH —u7 — w4 up).

Notice that A" € 9 is in compliance with Definition 2.4. The conservative IDP
hyperbolic high-order update is then obtained by setting

(2.31) W= g (WL AT,

Parabolic steps (3) and (4). Step (3) consists of computing the low-order and
high-order parabolic updates by solving
(2.32) ML UL,TL+1 GL lin (Wn+1 UL n+1) MLw’I’L—‘rl
(233) MH UH,71,+1 GH lln(Un UH n+1) MHWn+1
The quasi-linearization in (2.32) is based on W™ to be able to invoke assumption
(2.21). The quasi-linearization in (2.33) is based on U" to be consistent with the
higher-order case to be explained in the next section (see also Remark 3.1). In step

(4), we apply the parabolic limiting operator. Subtracting (2.32) from (2.33) and
using (2.10), (2.11), and (2.12), elementary manipulations show that for all i € V),

(234) UiH,n+1 _ U?,n+1 Z A
JEI( )
(235) with AZ — Dg,lin(un; UH n+1) _ DI—}’HH(W”Jrl; UL,nJrl)
o 5m” (UH,TLJrl _ Wn+1 _ UH,TL+1 + Wn+1)
T J J i v ?
(236) and B1Zq, — R?,lin(un; UH,n+1) o Rle_J,lin(Wn-‘,-l; UL,n-‘,—l).

Notice that A" € 9 and B™ € B! in compliance with Definition 2.5. The conservative
IDP parabolic high-order update is then obtained by setting

(2.37) U A (USanV U - )
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Conclusion. The main result for the above construction is the following.

LEMMA 2.7 (high-order Euler IDP-IMEX scheme). Let Assumption 2.1 hold and
assume 7 € (0,7*]. Assume that the limiters £™° and £°* match Definitions 2.4 and
2.5. Let U" € A. Then the above Euler IMEX scheme (2.27)—(2.37) is well-defined,
IDP (i.e., it satisfies (2.1)), and conservative (i.e., it satisfies (2.2)).

Proof. (1) Let us first prove the method is well-defined and IDP. Since U" € A”,
invoking (2.20) gives WE L e AT The definition of the hyperbolic limiter then
implies that W™ € A’ Invoking (2.21) then shows that U“" ™ is well-defined and
Ut ¢ Al Finally, the definition of the parabolic limiter implies that U™ e AZ.

(2) Conservativity follows from the following identities:

D omCUTH =3 "m,CUP T =Y T m, CWI =S T m, CWTT =) Tm CUY,
i€y i€y i€y i€y i€y
where the first and third equalities follow from Lemma 2.6, whereas the second

and fourth equalities follow from the skew-symmetry assumption on the low-order
fluxes. d

3. High-order IDP-IMEX schemes. In this section, we extend the construc-
tion described in section 2.4 to every IMEX scheme combining an explicit Runge—
Kutta (ERK) scheme with a diagonally implicit RK scheme whose first stage is fully
explicit (EDIRK). We assume that both schemes consist of s stages, s > 2. The main
original ideas of the paper are in this section.

3.1. Butcher tableaux. The ERK and EDIRK schemes are described by their
respective Butcher tableau, which we assume to have the following form:

0 0 0 0
e i i

02 az’l 0 CQ a.z,l a2’2 )

c3 | ag as 0 c3 | at a at

3| asy  asg 3| sy Azo ag3

(3.1)

e e e i i i i

Cs | Qg1 Ggo '+ G55 0 Cs | Qg1 Gg9 T Qg 51 G
e e e e i i i i
bl b2 e s—1 bs bl b2 e s—1 bs

Notice that aj , :=0 for all k > 1, ai“c :=0 for all £ > [. Here, the superscript € refers
to the ERK scheme and the superscript ' refers to the EDIRK scheme. Recall that
the coefficients ¢; define the intermediate time steps ¢™7 := t" + ¢;7. Notice that
both schemes share the same set of coefficients (c;);ef1:5). For convenience, we set
Cst1 := 1. We assume that ¢; =0 and ¢; > 0 for all j € {2: s}. To simplify some
expressions, we set a, ; := b5 and ais_HJ- = bij for all j € {1:s}. Whenever 02,1 =
for all ¢ € {1: s+ 1}, the EDIRK scheme is called zero-padded. If all the diagonal
entries aim- are equal (except the first one, which is zero), we speak of singly diagonal
EDIRK scheme (ESDIRK). Finally, we use the convention that al,, ., :=0.
We are going to assume that

(3.2) Z a5, = Z aij’l:cj Vje{l:s}.
le{1:5} le{1:5}

This is one of Butcher’s simplifying assumptions for each RK scheme. This assumption
implies that af ; = aj ; = 0. Moreover, since consistency requires that je(rsy b5 =
D je{is} bij =1, the identity (3.2) also holds true for j =s+ 1.
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3.2. High-order IMEX scheme in incremental form. Following the ideas
developed in [13] for ERK schemes, we write the IMEX scheme in incremental form.
For alll € {2: s+ 1}, we define the stage index I’(I) to be the largest index in {1:1—1}
so that ¢;—cy(;) is the minimal value of ¢;—cy, such that ¢;—cp >0 forall ke {1:1—1}:

(3.3) =y = {ke{l:l—%i\ncl—ckzo}(cl —cp) Vie{2:s+1}.

Owing to the assumption ¢; > 0=c¢; for all l € {2: s+ 1}, we infer that 1 € {k € {1:
I1—1}| ¢ — e > 0}, which means that this set is nonempty and the above definition
makes sense. The definition of I’(I) remains meaningful for so-called confluent RK
methods for which several ¢;’s take the same value. If the sequence (c;)ieq1:s}) is
nondecreasing, then I'(I) =1 —1 for all [ € {2: s+ 1}. The reason for looking for the
smallest difference ¢; — ¢;/(;) is to optimize the CFL restriction on the time step. For
further reference, we define

(3.4) Acm® = le{mz:a;)il} (cl cl/(l)).

Notice that Ac™?* > ; and Acm®* = ; whenever all the stages are equidistributed,
ie., =11 1€{l1:5+1}. In the rest of the paper, we simply write I’ instead of I (Z)
to blmphfy the notation, and we set d¢; := c;—cy, 0af 1= aj ,—aj i Saj . :=al, —ay
forallle{2:s+1}and all ke {1:1—1}. ’ ’ ’

We can now approximate in time the high-order ODE system (2.15) by using the
IMEX method defined by the two Butcher tableaux in (3.1). We first set U™! := U",
Then, for all [ € {2: s+ 1}, the Ith stage of the method consists of computlng the
following high-order update by using the incremental form of the IMEX scheme:

(35) MUt =M e 3T Loag FHUM) 4 daf 6 (L)
ke{1l:1—1}

+ (8a} — 8af )G (U UMY | 4 ra) G (U UM,

This incremental form is obtained by subtracting the I’th stage of the IMEX update
from the [th stage. We decompose the above problem into one hyperbolic prediction
followed by one parabolic update as follows:
(3.6)  MAWPL=MTUT 4 3T gas PR (UM,
ke{l:l-1}
(37) MHUn l TCL GH hn(Un u™ l) MHWn l
tr Z {6al LG (U™M) 4 (dal, — bat ) G (U™ unf’“)}.
ke{l:l—1}
Notice that, consistently with (2.5), the quasi-linearization is done with respect to the
initial state U™ at all stages.

3.3. IDP-IMEX scheme. We now make the scheme (3.6)—(3.7) IDP by pro-
ceeding as in section 2.4. Given U™ € A!, we set U™! := U™ and decompose each
stage [ € {2: s+ 1} into the following four steps:

(3.8) u™ r (1) (WLl WHl) (2 wrl 8 (3) (ULl UHl) 4 TR

hyperbolic step (3.6) parabolic step (3.7)
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Hyperbolic steps (1) and (2). We proceed as in [13] to make the hyper-
bolic update (3.6) IDP. We first compute the low-order and high-order hyperbolic
updates:

(3.9) MW= MEUTY 4 R with  FRe = e FH (U,

(3.10)  MUWHL=MHUM 4 rFTe with FRe= 3T dag FR(UMF).

ke{l:1—-1}
By proceeding as in (2.29)(2.30), we write
31 WHWEL TS A e,
' JET()
6 17 n ’ n ’
(3.12) with AZJZ = Fg,e _ F}J;e _ OMyy (W§Ll v N Wl.HJ + U] ).

Notice that A™! € 9 in compliance with Definition 2.4. Second, using the hyperbolic
limiter, we set

(3.13) wl.— ehyp(WL,l’An,l).

Parabolic steps (3) and (4). We now compute the low-order and high-order
parabolic updates defined by solving the following two problems:

(3.14) MEUS! — 7o, GBI (W Ukl = MW

(315) MHUH,I _ 7_a)il,lGH,lin(Un; UH,l) ::MHWn’l + T(DH7i + RH,i)

(316) with DM:= {m;,cDH(U””C) + (bai ), — daf,,) DI (U, U"”“)},
ke{l:l—1}

(3817)  and R™i= > {daf RNU™) + (da} - daf ) R (UM U L
ke{l:1—1}

The update U™ is obtained by employing the conservative parabolic limiter and by
proceeding as for the Euler IMEX scheme. Subtracting (3.14) from (3.15) yields

H,l _ L, T n,l T anl .
(3.18) Ul =u; + o .Z AL+ EBZ. VieV,
JEZL(4)
(3.19) with A% :=aj D (U™ U™ — 6D (W™ UM 4+ DY
dMmiz /1, n,l H,l n,l
- (U - w ot wi),
(3.20) and B :=al RV (U™ UMY — o RIT (WL Ub) 4+ RV

Notice that A™! € 9 and B™' € B! in compliance with Definition 2.5. Using the
parabolic limiter, we finally set

(3.21) unt= eyt At g,

At the end of the loop, the final update is obtained by setting U™ ™! := U™**1,

Remark 3.1 (quasi-linearization). We observe that the high-order parabolic update
(3.15) involves a quasi-linearization based on U". Tt is essential that the quasi-
linearization for the high-order update be the same for all the stages of the IMEX
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scheme to preserve the high-order accuracy in time of the method. But the quasi-
linearization for the low-order update at each stage [ € {1:s+ 1} is based on W™';
this allows us to invoke the invariant-domain property stated in assumption (2.21).

Remark 3.2 (complexity). The low-order update (3.14) requires solving a quasi-
linear system for all I € {2: s+ 1}. The high-order update (3.15) requires solving a
quasi-linear system for all I € {2: s} and amounts to an explicit update for [ =s+1
because al,; ,,; =0. Thus, the above method requires solving (2s — 1) quasi-linear
systems over each time interval. The low-order parabolic update has to be computed
only if limiting is required. Our experience is that parabolic limiting is infrequently
needed if one only enforces global bounds at the end of the parabolic substeps (like
positivity of some quantity). Parabolic limiting is nevertheless theoretically required
to assert the invariant-domain property as counterexamples can be constructed.

Conclusion. The main motivation for the construction introduced above is the
following result. Recall that Ac™** is defined in (3.4).

THEOREM 3.3 (s-stage IDP-IMEX). Let U" € A!. Let Assumption 2.1 hold and

T*
(3.22) re (0, Acmax}.
Assume that the limiters £° and €°* match Definitions 2.4 and 2.5. Consider the
s-stage IMEX scheme composed of the steps (3.9)—(3.21) for alll € {2:s+1}. This
scheme is well-defined, IDP (i.e., it satisfies (2.1)), and conservative (i.e., it satisfies
(2.2).)

Proof. Assume (3.22) and U" € A!. We are going to show by induction that
all the intermediate updates (U”’l)le{l:s_H} are well-defined and are in A!. The
definition U™' := U™ implies that the assumption holds true for I = 1. Now let
1€{2:s+1}. We make the following observations: The low-order hyperbolic update
(3.9) has the same structure as (2.27); the high-order hyperbolic update (3.11)—(3.12)
has the same structure as (2.29)—(2.30); the low-order parabolic update (3.14) has
the same structure as (2.32); the high-order parabolic update (3.18)—-(3.21) has the
same structure as (2.34)—(2.37). Hence, we can apply Lemma 2.7 to the scheme (3.9)—
(3.21), provided the effective time step (¢; — ¢y )7 used in the low-order hyperbolic and
parabolic stages (3.9) and (3.14) lies in the interval (0,7*]. However, this is the case
owing to the assumption (3.22). Then Lemma 2.7 implies that U™ is well-defined
and is in A’. This proves the assertion. Moreover, Lemma 2.7 also asserts that

Somiour =Y meurt.

i€V i€V
An induction argument gives ).y, m;CUM = Y ieymiCUY for all [ € {1:5+1},
and the conservation property (2.2) follows from U™ := U™+t |
Following [35] (see also [13, Def. 2.2]), the quantity
1
3.23 =
( ) Ceft SACmax

is called the efficiency ratio of the s-stage IMEX scheme. By construction, we have
Cei < 1. Theorem 3.3 shows that the IMEX scheme is IDP for all 7 € (0, cegrs7*].
Hence, computational efficiency increases with the efficiency ratio. In particular, the
largest time step allowed is s X 7* when ceg = 1. The optimal value ceg =1 is attained
when the coefficients c; are equidistributed, i.e., ¢; := % for all j € {1:s}.

Copyright (©) by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 09/22/23 to 165.91.112.16 . Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/terms-privacy

INVARIANT-DOMAIN PRESERVING IMEX METHODS A2523

4. Examples of IMEX schemes. In this section, we review some examples of
IMEX schemes and introduce four novel schemes. We only consider schemes with p-
order accuracy where p € {2,3,4}. Recall that the IMEX schemes under consideration
combine an ERK scheme and an EDIRK scheme. Both schemes consist of s > p stages
and are described by the Butcher tableaux introduced in (3.1). In what follows,
we use the terminology IMEX(s,p;cesr) for IMEX schemes with s stages, order p,
and efficiency ratio ceg. Four new schemes with optimal efficiency and the following
characteristics are introduced in this section:

(1) IMEX(3,3;1), singly diagonal, A-stable implicit part; see (4.18).

(2) IMEX(4,3;1), singly diagonal, L-stable implicit part; see (4.19).

(3) IMEX(5,4;1), singly diagonal, L-stable implicit part; see (4.20).

(4) IMEX(6,4;1), singly diagonal, L-stable implicit part; see (4.21).

NN N

4.1. Main properties of IMEX schemes. Three important notions for IMEX
schemes are the consistency order, the stability of the implicit scheme, and the effi-
ciency ratio. We now briefly discuss these three properties.

For simplicity, we focus on IMEX schemes for which we have b¢ = bl =: b; for
all i € {1:5s}. We denote by B the row vector in R* having components (b;);cf1:s}-
We denote by C' the column vector in R* having components (c;);ef1:53. We also use
the notation CP, p > 0, for the column vector in R® having components (C§)je{1:s}~
To be coherent with the literature, we set U := C° = (1,...,1)T and use the symbol
C instead of C'. We denote by BOC the row vector in R® having components
(bjcj)jefr:sy- We denote by A° (resp., A" the square matrix of order s with entries
(q‘§7j)i,je{1:s} (resp., (a; ;)i jef1:s})- Notice that A®is strictly lower triangular, whereas
A" is lower triangular. The identity matrix of order s is denoted by I.

Consistency order. Recall that necessary consistency conditions for the explicit
and the implicit methods to be each separately of order p are

(g—1)!

4.1 BATlCt = L
(41) (g—1+n)

vre{l:p}, Vge{l:p—r+1},

where A stands either for A° or for A'. These conditions are sufficient for p < 2.
They are also sufficient for all p > 2 if the ODE systems are autonomous and linear.
Additional nonlinear conditions must be enforced for nonlinear autonomous systems
when p > 2. Moreover, using b = b, =: b; and ¢ = ¢l =: ¢; for all i € {1: s} ensures
that the IMEX coupling conditions for second- and third-order schemes are satisfied;
see [31, eqns. (8) and (10)]. More coupling conditions must be added for IMEX
schemes to be of order p > 4; see [22, Tab. 4].

The consistency properties of IMEX methods are reviewed in [31, sect. 2.1] and
[22, sect. 2.2]. The analysis therein is based on the following simplifying assumption
(see (3.2)), which we systematically enforce:

(4.2) AU=C, AU=C.

In addition to (4.2), the (linear order) conditions needed to achieve second order
are

(4.3) BU=1,  BC=3.

The other conditions, BA*U = BA'U = 3, are satisfied owing to (4.2) and (4.3).

Copyright (©) by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 09/22/23 to 165.91.112.16 . Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/terms-privacy

A2524 ERN ALEXANDRE AND JEAN-LUC GUERMOND

In addition to (4.2)—(4.3), the conditions needed to achieve third-order accuracy
are
(4.4) BC?=%, ~ BA°C=BAC=4%i.

The other conditions, B(A%)2U = B(A')?U = ¢, are satisfied owing to (4.2) and (4.4).
In addition to (4.2), (4.3), (4.4), the conditions needed to achieve fourth-order
accuracy are the linear order conditions

(4.5) BC®=4,  BAC’=BAC’=4;, B(A°)’C=B(A)’C=4
plus the nonlinear order condition

(4.6) (BOC)AC = (BoC)A'C = %

and the coupling condition

(4.7) BA*A'C=BAA®C = ;.

The other conditions, B(A¢)2U = B(A)3U = 4, follow from (4.2) and (4.5).

=4,
Finally, in addition to (4.2)—(4.7), we are also going to make use of the fifth-order
linear order conditions for a six-stage, fourth-order method,
4_1 3_ i3 _ 1
BC® =z, BA°C” = BA'C” = 4,

B(APC? = BAC? = &, B(A)'C = B(4)'C = .

(4.8)

The other linear order conditions, B(A®)*U = B(A")*U = 135, follow from (4.2) and
(4.8).

Stability. The amplification function associated with a DIRK scheme is
(4.9) R(z):=1+2B(I, —zA)"'U,  z€C.

Recall that an RK scheme is said to be A-stable if |R(z)| <1 for all z€ Cs.t. R(2) <0
(see [18, Def. IV.3.3]). A scheme is said to be L-stable if it is A-stable and R(t) — 0
as t — —oo (see [18, Def. 1V.3.7]). For DIRK schemes, A' is invertible if all the
diagonal entries of A' are nonzero. In this case, L-stability amounts to B(A")~1U = 1.
However, for EDIRK schemes, the first diagonal entry of A'is zero. In this case, one
considers the block decompositions

i (0 0 _ ~
with o € R*™! (column vector), A € R* 71 g€ R, and B € R** (row vector).
Then the amplification function defined in (4.9) can be rewritten as
(4.11) R(z)=1+zB+ 2B(I,_1 — 2A) "YU + za),

where U e R*! is the column vector having all entries equal to one. Assuming that
A is invertible, one readily verifies that the EDIRK scheme is L-stable if it is A-stable
and if the following holds:

(4.12) B=BA 'a, BA™'U 4+ BA 2a=1.

Notice that the first condition in (4.12) implies that lim;—, o, R(t) =1 — BA-U —
BA~2q, and the second condition then implies that lim;_,_ ., R(t) =0.
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4.2. Second-order IMEX schemes. A first possibility to obtain a two-stage,
second-order IMEX method consists of combining Heun’s second-order scheme with
the Crank—Nicolson (A-stable) scheme. The corresponding Butcher tableaux are

NIHNI= O

0 0
(4.13) 1 1
1 1

We have I'(l) =1—1for all I € {2: 3}, and ceg = &. We call this method IMEX(2,2; 3).
A second possibility consists of combining the explicit and implicit (A-stable)
midpoint rules. The corresponding Butcher tableaux are

We have I'(l) =1—1 for all [ € {2:3}, and in this case the efficiency ratio reaches the
optimal value cef = 1. We call this method IMEX(2,2;1). The amplification function
is R(z) = gfi for the Crank—Nicolson scheme and the midpoint rule. It is remarkable
that the amplification function is the same for both schemes. However, the efficiency
of the Crank—Nicolson scheme is only %, whereas that of the midpoint rule is 1.

A third possibility (see [2, sect. 2.5]) is to consider a three-stage, second-order
scheme in which the implicit scheme is an L-stable, zero-padded, two-stage ESDIRK

scheme. The Butcher tableaux are

NH = O
viH O
N D=

(4.14)

== O
o= O
o
== O
oo O
=Nl

0]0 00

y|lv 0 Y10 v
(4.15) 116 1-6 0 110 1—v ¥

1‘0 1—7v «v 1‘0 1—v «

with v :=1— % =~ 0.29289, and ¢ is an adjustable parameter for which the value

§ = —2v/2 is recommended. We have I'(l) =1 —1 for all I € {2:4}, but the efficiency

ratio is only ceg =3 (1 —7)~0.24. We call this method IMEX(3,2;0.24).

Remark 4.1 (Strang’s splitting). Strang’s splitting can be rewritten as an IMEX
scheme. Consider, for instance, that the explicit (resp., implicit) midpoint rule is used
for the explicit (resp., implicit) steps. One can verify that the whole process can be
rewritten as a five-stage IMEX scheme with the following Butcher tableaux:

0]0 0o
i3 0 710 0
iélo 1001

1 1 1 7

20 7 00 g|00 10
210 3 0 %0 21001 00
1jo £ o0 o0 3 100 1 00

As expected, there is only one implicit substep (the third one). We have I'(l)=1—1
for all [ € {2: 6} and Ac™® = 1. Notice that the fourth substep does not involve
extra flux computations with respect to the third substep. Hence, the efficiency ratio
is cog = 4571 with § = 4 (rather than ceg = 4571 with s = 5), i.e., the method
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has optimal efficiency. A variant of this method is implemented in [17] to solve
the compressible Navier—Stokes equations (the method SSPRK(3,3) is used therein
instead of the midpoint rule though).

4.3. Third-order IMEX schemes. In this section, we consider third-order
IMEX schemes composed of three or four stages. Three-stage schemes in which the
implicit scheme is A-stable are available in the literature, but none of these methods
has optimal efficiency. We derive here a three-stage IMEX scheme achieving optimal-
ity and whose implicit tableau is A-stable. We also construct a four-stage scheme
with optimal efficiency whose implicit tableau is L-stable.

4.3.1. Three-stage schemes. A first possibility to obtain a three-stage, third-
order IMEX method consists of using the two-stage, third-order, zero-padded ESDIRK
scheme [28, 9] for the implicit scheme and combining it with the three-stage, third-
order ERK scheme sharing the same coefficients ¢; and b;. The corresponding Butcher
tableaux are (see [2, sect. 2.4])

0 0 0 |0
gl gl 0 Y |0 v
(4.16) l—~|y=1 2-2y 0 1=~ ]0 1-2y «
L] o 2 Lo 5 3
with v:= % + ﬁ ~0.78867 (i.e., 2=~ — é) The amplification function is
1+ (1=27)z+ (5 — )22
(4.17) R(zy= HE =202+ (5 =7)2

(1—~2)?

The zero-padded ESDIRK scheme is A-stable, but not L-stable because we only have
lim;, o R(t) =1 — /3~ —0.73205. The values for I’ are (1,1,2), and the efficiency
ratio is only ceg = %'y ~0.26. We call this method IMEX(3, 3;0.26).

We now propose a three-stage, third-order IMEX method with optimal efficiency.
We call this method IMEX(3,3;1). We use the third-order Heun method for the ERK
part, and we design the corresponding three-stage, third-order EDIRK scheme. We
first request that the EDIRK scheme have the same set of coefficients c; and b; as
Heun’s method, so that there remains to determine the matrix A'. Since this matrix is
lower triangular, of order three, and aiLl =0, this leaves five entries to be determined.
Four equations can be enforced: two from Butcher’s simplifying assumption (4.2)
involving A' (there are two equations corresponding to the rows i € {2,3} since the
row corresponding to i = 1 is trivial), one is the (linear order) condition BA'C = §
stated in (4.4) (the remaining linear order conditions are already satisfied), and one is
the first stability condition in (4.12). One can show that it is not possible to enforce
the second equality in (4.12) (there would be no solution). The fifth condition we
use to close the system consists of minimizing lim;—, ., R(t). Solving this problem
leads to an A-stable method with lim; , o, R(t) = 1 — /3. Incidentally, the implicit
scheme turns out to be singly diagonal, although this property has not been explicitly
enforced. The Butcher arrays of the ERK and ESDIRK schemes are

o

(4.18)

=Wl wli~ O
=Wl wli— O
W=
|
2
2

Bl O wie O
Olwin O©
NI ]
wl
I
[N}
2
wlod 2

=l O
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with (again) v = 3 + ﬁ ~ 0.78867. We have I'(I) =1 —1 for all | € {2 : 4},
and the efficiency ratio reaches the optimal value cos = 1. Quite remarkably, the
amplification function for the above ESDIRK scheme is still given by (4.17). Hence,
the amplification functions of the methods described by the implicit Butcher tableaux
in (4.16) and (4.18) are identical, but the efficiency of (4.16) is only ceg = 37~ 0.26,
whereas that of the new method (4.18) is ceg = 1.

4.3.2. Four-stage schemes. It is possible to devise a four-stage, third-order
IMEX method with optimal efficiency in which the implicit part is an ESDIRK L-
stable scheme. We call this method IMEX(4,3;1). We set ¢; := 2 for all I € {1:4}
to achieve optimal efficiency. There are 13 coefficients to be determined: nine entries
in the matrix A" and the four components of the vector b. We enforce Butcher’s
simplifying assumption (4.2) (three equations), the (linear) order conditions (4.3) and
(4.4) (four equations), and the two conditions in (4.12) to achieve L-stability. This
gives nine equations. We additionally require that the scheme be singly diagonal,
giving the two additional equations ai272 = aim = aLM, and that BC® = i (this is the
first of the fourth-order (linear) conditions in (4.5)). The resulting underdetermined
set of nonlinear equations (12 equations, 13 unknowns) is solved using julia with
10715 tolerance. The following L-stable ESDIRK scheme is found:

(4.19a)

0
i —0.1858665215084591 0.4358665215084591
% —0.4367256409878701 0.5008591194794110  0.4358665215084591
% —0.0423391342724147 0.7701152303135821 —0.4136426175496265 0.4358665215084591
1 ‘ 0 2 _1 2
3 3 3

The companion ERK method that shares the same set of coeflicients c; and b; has
already been proposed in [13]. The six coefficients of the matrix A® are obtained by
enforcing the fourth-order linear consistency conditions (three equations from (4.2),
one from (4.4), and two from (4.5)). This is the only four-stage, third-order ERK
method with optimally distributed coefficients that is also fourth-order accurate on
linear problems. Its Butcher tableau is as follows:

010
ilz O
(4.19b) 302 O
71093 5 0
o E 13

Near the origin along the imaginary axis, we have |R®(i€)| = 1+ p&eS + O(€®) with
ps =—2B(A%)*C +2B(A®)3C — B(4°)’C + &= = —=.

Remark 4.2 (other four- and five-stage methods). A third-order IMEX method
combining a four-stage ERK method with a four-stage L-stable DIRK method is
described in [2, sect. 2.7] (the DIRK method has actually three stages since the third
and fourth stages are identical). The efficiency ratio is close to ceg = 0.46. A variant
of the implicit four-stage scheme is studied in [7]. A method combining a five-stage
ERK method with a five-stage L-stable DIRK method is described in [2, sect. 2.8] (the
DIRK method actually has four stages since the fourth and fifth stages are identical).
The efficiency ratio is only cog = é.

4.4. Fourth-order IMEX schemes. Some fourth-order IMEX methods com-
posed of five and six stages are discussed in [22, sects. 3.2 and 3.3], but the efficiency
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ratio of these methods is not optimal. Here, we devise five- and six-stage, fourth-order
IMEX schemes with optimal efficiency; the implicit scheme is L-stable in both cases.
We call these methods IMEX(5,4;1) and IMEX(6,4;1).

4.4.1. Five-stage scheme. We set ¢; := I_Tl for all [ € {1:5} to achieve optimal
efficiency. There are 19 coefficients to be determined: 14 entries in the matrix A' and
the five components of the vector b. We enforce Butcher’s simplifying assumption (4.2)
(four equations), the (linear) order conditions (4.3), (4.4), and (4.5) (seven equations),
the (nonlinear) order condition (4.6) (one equation), and the two conditions in (4.12)
to achieve L-stability. This gives 14 equations. We additionally require that the
scheme be singly diagonal, giving the three additional equations ai2’2 = ai&3 = ai4A =
ai5757 and that ai571 =0, giving one additional equation. The resulting underdetermined
set of nonlinear equations (18 equations, 19 unknowns) is solved using julia with
2 x 10716 tolerance. The following solution is found:

(4.20a)
o o
11-0.37281606248213511  0.57281606248213512
2| -0.66007935107985416  0.48726328859771911  0.57281606248213512
3| -0.69934543274239502  1.82596107935553742 —1.09943170909527743  0.57281606248213512
il 0 —0.05144383172000784  1.17808889035791732 —0.90036112111104449 ...
1]-0.10511678454691901  0.87880047152100838 —0.58003404061484477  0.46213380485434047 ...

S

‘ ... 0.57281606248213512
‘ 0.35321654878641495

This ESDIRK scheme is L-stable. Along the imaginary axis near the origin, we have
|Ri(ie)| = 14 plse® + O(€®) with pjs ~ —0.0846, where ply = —2B(A)*C+2B(A")3C — %

We now devise the companion ERK scheme that shares the same set of coefficients
¢; and b;. There are 10 unknowns (the entries of the strictly lower triangular matrix
A®). We enforce Butcher’s simplifying assumption (4.2) (four equations) and the
(linear) order conditions (4.4) and (4.5) involving the matrix A® (three equations,
since the remaining order conditions have already been accounted for in the design
of the ESDIRK scheme above), the (nonlinear) order condition (4.6) (one equation),
and the two coupling conditions (4.7). This gives 10 equations. The resulting set of
nonlinear equations (10 equations, 10 unknowns) is solved using julia with 2 x 10716
tolerance. The following solution is found:

(4.20b)
0 0
0.2 0

0.26075582269554909 0.13924417730445096 0
—0.25856517872570289 0.91136274166280729 —0.05279756293710430 0
0.21623276431503774 0.51534223099602405 —0.81662794199265554 0.88505294668159373 ...

—0.10511678454691901 0.87880047152100838 —0.58903404061484477 0.46213380485434047 ...

= | cl ailes oo o=

‘ 0
| ... 0.35321654878641495

= ol

We have |Ré(i€)| = 1 + p§e® + O(€®) with p§ ~ —0.0148 along the imaginary axis near
the origin, where p§ =2B(A®)*C — 2 (notice that 2B(A%)*C =0).

4.4.2. Six-stage schemes. A six-stage, fourth-order method with L-stable (ac-
tually, stiffly accurate) implicit scheme is designed in [7] using an L-stable, six-stage
(actually five distinct stages) fourth-order SDIRK method from [18]. The explicit
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tableau is given by equation (14) in [7], and the implicit tableau is given by equation
(IV.6.16) in [18] (see also Table IV.6.5). The efficiency ratio of this method is only
Coff = 25 ~ 0.08. We call this method IMEX (6, 4;0.08).

We now propose a six-stage, fourth-order IMEX method with optimal efficiency.
We set ¢;:= 121 and /(1) =1—1 for all € {1:6} to achieve optimal efficiency. There
are 26 coefficients to be determined for the EDIRK scheme: 20 entries in the matrix A’
and the six components of the vector b. We enforce Butcher’s simplifying assumption
(4.2) (five equations), the (linear) order conditions (4.3), (4.4), (4.5) (seven equations),
the (nonlinear) order condition (4.6) (one equation), and the two conditions in (4.12)
to achieve L-stability. We also enforce the fifth-order linear order conditions (4.8)
(four equations). This gives 19 equations. We additionally require that the scheme be
singly diagonal, giving the four equations ai272 =al = ai4A = ai575 = a1676. We also set
by =0.47 (see below), giving five additional equations. The resulting set of nonlinear
equations (24 equations, 26 unknowns) is solved using julia with 4 x 1071 tolerance.
The following solution is found:

(4.21a)
o o
11-0.1113871744697862 0.2780538411364528
2| -0.7193507615705692 0.7746302537674498  0.2780538411364528
31 0.5518020866688972 0.1104050865166429 —0.4402619143219927 0.2780538411364528
41 0.2044212940947437 0.7369116313032833 —0.6137248254193539 0.0610047255515406 . ..
21 0.0660767687645300 0.0489052670268613  0.2501367454670004 0.5829521002593755 . ..
1] 0.083 0.135 0.13 0.47

0.2780538411364528
—0.3927913893208868  0.2780538411364528

| ... —o0.28s 0.467

= oot ol

We have |Ri(ie)| = 1 + pie® + O(€®) along the imaginary axis near the origin, with
pis ~ —1.06 x 10~ (recall that pjy := —2B(A)*C'+2B(A")3C -4 = —2B(A)*C+ 5%5).

We now proceed to find a companion ERK scheme sharing the same set of coef-
ficients ¢; and b;. There are 15 unknowns (the entries of the strictly lower triangular
matrix A¢). We enforce Butcher’s simplifying assumption (4.2) (five equations), the
(linear) order conditions (4.4), (4.5) involving the matrix A® (three equations), the
(nonlinear) order condition (4.6) (one equation), and the two coupling conditions
(4.7). This gives 11 equations. We also enforce the fifth-order linear order conditions
(4.8) (three equations). In total, we have 14 equations. The resulting underdeter-
mined set of nonlinear equations (14 equations, 15 unknowns) is solved using julia.
The following solution is found with 4 x 10716 tolerance:

(4.21Db)
0
1 1-0.1858665215084591  0.4358665215084591
1 1-0.4367256409878701 0.5008591194794110  0.4358665215084591
3 1-0.0423391342724147 0.7701152303135821 —0.4136426175496265 0.4358665215084591
1] 0 pi I 2
3 3 3

We have |R¢(i€)| = 1+ p&e® + O(€®) along the imaginary axis near the origin, with
pe ~ —9.67 x 107°, where p§ := —2B(A%)*C + 2B(A%)*C — & = —2B(A®)*C + 5%5.
The reason for having set by = 0.47 is to make p§ negative.

5. Numerical illustrations. We illustrate the IMEX methods proposed in the
paper on systems of stiff ODEs and nonlinear conservation equations. We start with
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convergence tests on an ODE system. Then we solve a scalar nonlinear conserva-
tion equation with hyperbolic and parabolic fluxes. We finish with one- and two-
dimensional simulations of the compressible Navier—-Stokes equations.

5.1. Convergence tests. We test the convergence properties of the new IMEX
methods proposed in the paper. Following [22, sect. 5.1], we consider the 2 x 2 ODE
system

(5.1) Oy (t) = —2y1 + € *(y3 — y1), Oya(t) =y1 — Y2 — y3,

with € > 0 and initial condition y;(0) = y2(0) = 1. The solution is y;(t) = y3(t),
y1(t) = e~t. As e — 0, the above problem degenerates into the index-1 differential
algebraic equation sy (t) = y1 — yo — y2 with 31 = y2. We denote by U := (uy,us)"
the approximate solution produced by the IMEX methods. Referring the reader to
(2.5) for the notation, we set M := Iy, where I is the 2 x 2 identity matrix, and

(5.2)
F(U):=(—2uj,u; —uz —ud)T, G(U):= (e *(u2—uy),0)T, G™(W,U):=G(U).

Notice that G is not linear, but solving the problem (2.4) is simple:

(5.3) (I—7G"™ (W, )™ (W) = (L (ew; + 7w3),w2) "

We test the methods by solving the above problem over the time interval [0, 7]
with 7' = 4, the initial data (u1(0),u2(0)) = (1,1), and for ¢ € {1,107%}. For
each method, we compute the errors |ui(T) — y1(T)|/|y1(T) + y2(T)| and |us(T) —
yo ()| /lys (1) + (1)

The second-order method IMEX(2,2;1) delivers second-order accuracy uniformly
with respect to e for both y; and yo (not shown here for brevity). The errors versus the
time step 7 are reported in Figure 5.1 for the methods IMEX(3,3;1), IMEX(4,3;1),
IMEX(5;4;1), and IMEX(6,4;1). The symbols “y1,e0”, “yl,e-6”, “y2,e0”, and “y2,e-
6” in the legend refer to the error on the variable y; with ¢ = 10°, the error on the
variable 7; with € = 107°, the error on the variable 5 with € = 1, and the error on
the variable y» with € = 1075, respectively. We observe the optimal order for the
four methods on both variables when e = 1. But, as expected, the convergence on y;
reduces to second order when € = 1076, This order reduction in the preasymptotic
range (i.e., € < 7) is well documented in the literature, and we refer the reader to,
e.g., [5] for an analysis.

5.2. Nonlinear scalar conservation equation. In this section, we illustrate
the method on the scalar nonlinear conservation equation

(5.4) Ou+V-f(u) —eAu=0, x €Dy, t>0,

posed in the two-dimensional domain D, :=R x (0,1). The flux is defined by f(u) :=
(u(1—u),0)T. With the notation = := (z,y), the initial data is

(5.5) ug(x) ;= p+ dtanh (g(x —120)), p:=3i(ur+ur), 0:=3(ug—ur).

Assuming homogeneous Neumann boundary conditions on the top and bottom parts of
the domain, the solution to this Cauchy problem is a wave moving at speed s :=1—2u:

(5.6) v(x,t) =up(x — st) with s:=(s,0).
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Fi1G. 5.1. Convergence test on problem (5.1). Left to right: third-order methods IMEX(3,3;1)
and IMEX (4, 3;1) (with the Butcher tableauz (4.18) and (4.19)); fourth-order methods IMEX(5;4;1)
and IMEX(6,4;1) (with the Butcher tableauz (4.20) and (4.21)).

The method described in the paper is implemented using continuous finite ele-
ments. The tests are done with continuous P; and Ps finite elements. The low-order
solution method for the hyperbolic subproblem is fully described in [14]. The high-
order method and the limiting are described in [15, 16]. We use FCT to perform the
limiting as the problem is scalar-valued. Local bounds are used at every grid point.
Relaxation of the bounds guaranteeing high-order convergence is done as explained
in [15, sect. 4.7.1] and [16, sect. 7.6].

We set ur, := —1 and up := 1, so that the solution to (5.4) is a wave moving
at speed s = 1. The numerical simulations are done in the truncated computa-
tional domain D := (xp,zg) X (yp,yr) with 2y, = yp =0, g =1, yr := i. Let
ODS® = 0D :={x,xr} X (ys,yr) and DX := (xr,2r) X {yp,yr} (it happens
here that dDEP = DY because 1 — 2ur, > 0 and 1 — 2ur < 0). At each stage
of the IMEX method, Dirichlet boundary conditions are enforced at 8D]}5yp for the
hyperbolic subproblems and at 9DJ" for the parabolic subproblems. Homogeneous
Neumann conditions are weakly enforced on DY for the parabolic subproblems.
The enforcement of the Dirichlet boundary condition for the hyperbolic subproblems
is done at the end of each stage of the IMEX step.

In all the tests, the time step is computed by using the expression

(5.7) 7:=CFL x s x 7%,

where CFL > 0 is a fixed parameter, s is the number of stages of the IMEX method,
and 7* is the maximum time step for which the low-order hyperbolic update is IDP;
see assumption (2.20). This definition guarantees that for a given simulation time 7',
the total number of flux evaluations (which is a measure of the algorithmic cost) is
approximately s X % =sX CFLszxﬂ = CFEXT* . Hence, for a given mesh, a given final
time T', and a given CFL number, the algorithmic cost of two IMEX methods with
different number of stages is approximately identical. The simulations are done up to
T= % for e=2x10"", n€{2,3,4}. We use unstructured Delaunay meshes. We test
the following five methods: IMEX(2,2;1); IMEX(3,3;1); IMEX(4, 3;1); IMEX(5,4;1);
and IMEX(6,4;1). All the errors are evaluated at T and are relative.
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TABLE 5.1
Problem (5.4) for e=2x10"", n € {2,3,4}. Py finite elements. Relative error in the L -norm.
First row: IMEX(2,2;1). Second row: IMEX(3,3;1) and IMEX(4,3;1). Third row: IMEX(5,4;1)
and IMEX(6,4;1).

e=10"" e=10"° e=10""%
I IMEX(2,2;1) rate (2,2;1) rate (2,2;1) rate
106 1.98E-02 -  3.36E-02 - 3.60E-02 -

360 4.13E-03 2.56 1.61E-02 1.20 1.52E-02 1.41
1309  8.12E-04 2.52 7.60E-03 1.16 7.64E-03 1.07
4825 2.03E-04 2.13 2.88E-03 1.49 4.02E-03 0.98
18846 4.99E-05 2.06 7.01E-04 2.07 1.99E-03 1.03
74510 1.25E-05 2.01 1.29E-04 2.46 9.83E-04 1.03

e=10"" e=10"° e=10""

I IMEX(3,3;1) rate IMEX(4,3;1) rate (3,3;1) rate (4,3;1) rate (3,3;1) rate (4,3;1) rate
106 1.97E-02 - 1.97E-02 -  3.36E-02 -~ 3.36E-02 -~ 3.60E-02 - 3.60E-02 -
360 4.13E-03 2.56 4.13E-03 2.56 1.62E-02 1.20 1.61E-02 1.20 1.52E-02 1.41 1.52E-02 1.41
1309 8.26E-04 2.49 8.27E-04 2.49 7.62E-03 1.17 7.60E-03 1.17 7.66E-03 1.06 7.63E-03 1.06
4825 2.04E-04 2.15 2.04E-04 2.15 2.88E-03 1.49 2.88E-03 1.49 4.03E-03 0.98 4.01E-03 0.98
18846 5.00E-05 2.06 5.00E-05 2.06 7.03E-04 2.07 7.04E-04 2.07 2.00E-03 1.03 1.99E-03 1.03
74510 1.25E-05 2.02 1.25E-05 2.02 1.32E-04 2.44 1.32E-04 2.44 9.84E-04 1.03 9.82E-04 1.03

e=10"" e=10"" e=10""

I IMEX(5,4;1) rate IMEX(6,4;1) rate (5,4;1) rate (6,4;1) rate (5,4;1) rate (6,4;1) rate
106 1.98E-02 - 1.97E-02 -  3.36E-02 - 3.35E-02 - 3.60E-02 - 3.59E-02 -
360 4.13E-03 2.56 4.10E-03 2.57 1.62E-02 1.20 1.59E-02 1.22 1.52E-02 1.41 1.50E-02 1.42
1309 8.26E-04 2.49 8.11E-04 2.51 7.65E-03 1.16 7.42E-03 1.18 7.65E-03 1.07 7.56E-03 1.06
4825 2.03E-04 2.15 2.03E-04 2.13 2.93E-03 1.47 2.81E-03 1.49 4.01E-03 0.99 3.98E-03 0.99
18846 4.99E-05 2.06 4.99E-05 2.06 7.22E-04 2.06 6.95E-04 2.05 1.99E-03 1.03 1.96E-03 1.04
74510 1.25E-05 2.02 1.25E-05 2.02 1.33E-04 2.47 1.28E-04 2.46 9.86E-04 1.02 9.63E-04 1.04

We show the errors and the convergence rates for continuous P; elements in
Table 5.1. We observe that the methods deliver second-order accuracy when the
mesh size is small enough to capture the viscous layer of size e. The accuracy is
limited to second order due to our using P; elements. We also notice that all the
methods deliver first-order accuracy when the mesh size cannot capture the viscous
layer. First-order accuracy is optimal in this case.

We show the errors and the convergence rates for continuous Pj3 elements in
Table 5.2. The methods deliver optimal accuracy when the mesh size is small enough
to capture the viscous layer, that is, second-order for IMEX(2,2;1) and fourth-order
for the other methods. There seems to be some superconvergence effect for the third-
order methods IMEX(3,3;1) and IMEX(4;4;1). Here again, all the methods deliver
first-order accuracy when the mesh size cannot capture the viscous layer.

5.3. Compressible Navier—Stokes equations. We consider the compressible
Navier—Stokes equations in the domain D C RY, where d is the space dimension. The
Cartesian basis of R? is denoted by {ek}ke{lzd}- The system is equipped with the
~v-law. Let pu be the shear viscosity, A the bulk viscosity, x the thermal conductivity,
cy = # the heat capacity at constant volume, cp = ycy the heat capacity at constant
pressure, and P, := #°F the Prandtl number. Denoting by v the velocity and e(v)
the strain tensor, the Newtonian viscous stress tensor is $(v) :=2ue(v) — A(V-v)Lgxq.
Denoting by e the specific internal energy and using Fourier’s law, the heat flux is
q(e) :=—"Ve.

The approximation in space of the explicit part of the problem, i.e., the Euler
equations, is done exactly as in [17]. The limiting operators and the bounds used
for the limiting are defined in [15, sects. 4.4 and 4.6]. The relaxation of the bounds
guaranteeing high-order convergence is done as explained in [15, sect. 4.7.1] and
[16, sect. 7.6]. The fundamental difference with [15] is that the hyperbolic limiting
is now done as explained in (3.9)—(3.13). We use Lagrange finite elements for the
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TABLE 5.2
Problem (5.4) for e=2x10"", n € {2,3,4}. P3 finite elements. Relative error in the L -norm.
First row: IMEX(2,2;1). Second row: IMEX(3,3;1) and IMEX(4,3;1). Third row: IMEX(5,4;1)
and IMEX(6,4;1).

e=10"" e=10""° e=10""
I IMEX (2,2;1) rate (2,2;1) rate (2,2;1) rate
778 1.48E-03 — 1.80E-02 — 1.94E-02

2902 2.10E-05 6.46 6.79E-03 1.48 8.16E-03 1.31
11113 1.18E-06  4.29 2.07E-03 1.77 4.04E-03 1.05
42097 1.45E-07  3.14 2.95E-04 2.92 2.00E-03 1.06
166966  3.02E-08  2.28 6.82E-06 5.47 9.09E-04 1.14
665302  7.44E-09 2.03 2.62E-07 4.72 3.20E-04 1.51

e=10"" e=10"" e=10"*

I IMEX (3,3;1) rate IMEX (4,3;1) rate (3,3;1) rate (4,3;1) rate (3,3;1) rate (4,3;1) rate
778 1.48E-03 - 1.48E-03 - 1.80E-02 - 1.80E-02 - 1.93E-02 - 1.93E-02 -
2902 2.01E-05 6.53 2.00E-05 6.53 6.79E-03 1.48 6.79E-03 1.48 8.16E-03 1.31 8.16E-03 1.31
11113 9.46E-07 4.55 9.45E-07 4.55 2.06E-03 1.77 2.07E-03 1.77 4.04E-03 1.05 4.04E-03 1.05
42097 6.28E-08 4.07 6.25E-08 4.08 2.94E-04 2.92 2.95E-04 2.92 2.00E-03 1.06 2.00E-03 1.06

166966  3.79E-09 4.08 3.73E-09 4.09 6.67E-06 5.50 6.67E-06 5.50 9.09E-04 1.14 9.09E-04 1.14
665302 2.79E-10 3.77 2.67E-10 3.82 2.29E-07 4.88 2.29E-07 4.88 3.20E-04 1.51 3.20E-04 1.51
e=10"" e=10"° e=10""

I  IMEX(5,4;1) rate IMEX(6,4;1) rate (5,4;1) rate (6,4;1) rate (5,4;1) rate (6,4;1) rate
778 1.48E-03 - 1.47E-03 - 1.80E-02 - 1.80E-02 - 1.93E-02 - 1.93E-02 -
2902 2.00E-05 6.53 2.00E-05 6.53 6.79E-03 1.48 6.79E-03 1.48 8.16E-03 1.31 8.16E-03 1.31
11113 9.45E-07 4.55 9.46E-07 4.55 2.07E-03 1.77 2.06E-03 1.77 4.04E-03 1.05 4.04E-03 1.05
42097 6.26E-08 4.08 6.27E-08 4.08 2.95E-04 2.92 2.94E-04 2.93 2.00E-03 1.06 2.00E-03 1.06

166966 3.73E-09 4.09 3.73E-09 4.09 6.66E-06 5.50 6.65E-06 5.50 9.09E-04 1.14 9.09E-04 1.14

665302 2.65E-10 3.83 2.65E-10 3.83 2.29E-07 4.88 2.29E-07 4.87 3.20E-04 1.51 3.20E-04 1.51

approximation in space in the tests reported below (tests are done with P; and Pg
simplicial elements).

As there are some differences with [17, sect. 5] regarding the approximation of the
parabolic part of the problem, we now give some details on the implementation of the
parabolic substeps. Let {¢;};cy be the scalar Lagrange shape functions that are used
for the space approximation. Let M be the mass matrlx with entries | pwipjdr. Let
us denote by 0;, M;, V; := - MZ, E;, and e; := 1 E;—3 HV1||22 the density, momentum,
velocity, total energy, and spec1ﬁc internal energy degrees of freedom at ¢ € V. Let
1 €{2:s+1} be the index of the RK stage. Let Q\iN’l, M\iN’l, V;N’l, ElN’l, and e\iN’l be the
density, momentum, velocity, total energy, and specific internal associated with the
explicit hyperbolic update W™ (see (3.13)) at the Ith stage and at the dof i € V. Let
us now describe how the high-order parabolic update U™ (see (3.15)) is computed.
We use a superscript ! to denote the density, momentum, velocity, total energy, and
specific energy associated with U™ The update of the density is done by setting
ol = Q;N’l. The high-order update of the kth Cartesian component of the momentum
(k€ {1:d}) and of the total energy is done as follows:

(5.8a) (MM") ; + Tala(vh, pier) = MMV, Z Tal ra(vh, pier),

re{l:l-1}
(5.8b) (ME"); + Tayb(e),, i) = (MENY),
- Z Tailr (eh, i) ZTalT (v}, pi)dx,
re{l:l—-1} re{l:l}
where v}, := ZzevV:%” ez = Zzevercpl, a(v = [ps(v):Vwdz, ble,q) =

Ip & oy Ve Vqdz, and ¢(v,q) := [, s(v):(v®@Vq)dz. Let Mg’ be the matrlx with entries
mij Qj , so that (MM, ; = (M"’ZVZ)M-. This identity implies that (5.8a) is an update
for the velocity. Similarly we have (ME!); = M2 (el + %||Vl||§2), which implies that
(5.8b) is an update for the internal energy. Notice that (5.8a)—(5.8b) is nonlinear,
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but solving this problem only requires linear solves: one first obtains the velocity
by solving (5.8a), then one updates the internal energy by solving (5.8b) where the
nonlinear terms depending on 'Uﬁl are already known. The momentum and the total
energy are updated by setting M} = ¢!V and E! = gl(el + 3|V||%).

If limiting is needed, the low-order parabolic update U™' (see (3.14)) is computed
as follows: Using again the superscript ! to denote the density, momentum, velocity,
total energy, and specific energy associated with UL’l, we set gl = Q\iN’l and then

(5.9a) mig;/v’lvgm + 7d¢; a(vﬁl, pier) = szll,

,l
(5.9b) mig:{v’leé + 7oeib(€l, i) = mz(ge)w by mie |V — V;NJ 2 (v, i),
with d(v,q) fD v)gdz. One verifies as in [17, Thm. 5.5] that this update is

conservatlve and IDP under the acute angle condition on the mesh. If necessary, the
limiting on the internal energy is done as is [17, sect. 5.3].

5.3.1. One-dimensional simulations. We test the accuracy of the method
described above by reproducing the one-dimensional exact solution proposed in [3].
(A partial English translation of [3] and other exact solutions are found in [20].) This
test is fully described in [17, sect. 7.2]. Weusey=1.4, u=10"%, A=0, P, := &£ =3
(this gives k = ! x 1072). The computational domain is D := [—0.5,1]. The ﬁnal
time is T = 3. The distance traveled by the viscous shock is 0.6. For every CFL
number, the time step is computed by means of the definition (5.7). We compute
a consolidated error indicator at the final time by adding the relative error in the
L'-norm on the density, momentum, and total energy as follows:

lCon =)Dz, [I(mn = m)(D)ler | [(En = E)T)|z:
(7)1 [m(T)[| L IET) e

We show in Figure 5.2 the consolidated error as a function of the CFL number
for the methods IMEX(2,2; 1) (blue, - - -), IMEX(2,2;1) (blue, —), IMEX(3, 3;0.26)
(red, ---), IMEX(3,3;1) (red, —), IMEX(4,3;1) (red, - ), IMEX(5,4;1)
( ), and IMEX(6,4;1) ( ). The results shown in the top, cen-
ter, and bottom panels have been obtained with meshes composed of 100, 400, and
1000 grid points, respectively. We observe that among the second-order methods,
IMEX(2,2;1) always outperforms IMEX(2,2; 2) Among the third-order methods,
IMEX(4,3;1) outperforms the other two. Notice also that the popular IMEX(3,3;0.26)
method is the least robust and accurate. Among the two fourth-order methods,
IMEX(5,4;1) seems to be more accurate, but IMEX(6,4;1) seems to be more robust
with respect to the CFL number. Overall, this test demonstrates that IMEX (4, 3;1)
performs very well (it systematically outperforms all the other methods) and is very
robust with respect to the CFL number. The second method in performance level is

IMEX(6,4;1).

(5.10) 51(T) ==

5.3.2. Two-dimensional simulations. We now reproduce the test introduced
by [11, 12]. The full description of the test is documented in [17 sect. 7. 4] We
use v = 1.4, p=10"3, A =0, P, := £ = 0.73 (this gives k = 146 ~2). The
computational domain is D = [0,1] x [0, 5]. We use IP; Lagrange elements. The meshes
are unstructured and Delaunay. They are also fitted along the segment {%} x [0, %]
to approximate the initial data as best as possible. The time stepping is done with
the method IMEX(4,3;1) at CFL = 1.5. The time step is computed by means of the

definition (5.7) with s =4.
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FIG. 5.2. Becker’s solution at T =3 with p=10"2. Ll-error (see (5.10)) as a function of the
CFL number. Top panel: 100 grid points. Middle panel: 400 grid points. Bottom panel: 1000 grid
points. (Color available online.)

Denoting g(x) = [[Vpn(z)|¢2: gmin = mingep 9(z), gmax = maxgep g(x), we show
in Figure 5.3 the quantity eqognfaxgﬁ. This representation (similar to Schlieren
photography) amplifies the contrast in the density field. We show in the top, center,
and bottom panels of the figure the density field at ¢ = 1 for meshes composed of
328,253, 572,301 and 761,879 grid points, respectively. We observe that the results

are consistent with those reported in [17, sect. 7.4].

6. Conclusions. A new time stepping technique making every IMEX method
invariant-domain preserving has been introduced. New IMEX methods with optimal
efficiency have been constructed. The numerical experiments demonstrate that the
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FiG. 5.3. Two-dimensional shocktube test. Density at t =1 with p=10"3. Time stepping done
with IMEX(4,3;1) and CFL= 1.5. From top to bottom, meshes with increasing refinement level:
328,253 grid points; 572,301 grid points; 761,879 grid points.

new IMEX methods proposed in the paper behave as predicted by the theory. All the
methods tested are invariant-domain preserving and deliver the expected accuracy.
A natural extension of this work is to show how the present methodology can be
used to solve the compressible Navier—-Stokes equations with temperature-dependent
properties and nonideal thermodynamics.

REFERENCES

[1] U. M. ASCHER, S. J. RuuTH, AND B. T. R. WETTON, Implicit-explicit methods for time-
dependent partial differential equations, SIAM J. Numer. Anal., 3 (1995), pp. 797-823,
https://doi.org/10.1137/0732037.

[2] U. M. ASCHER, S. J. RuuTH, AND R. J. SPITERI, Implicit-explicit Runge-Kutta methods for
time-dependent partial differential equations, Appl. Numer. Math., 25 (1997), pp. 151-167.

[3] R. BECKER, Stoffwelle und Detonation, Z. Phys., 8 (1922), pp. 321-362.

[4] J. P. Boris AND D. L. BOOK, Fluz-corrected transport. I. SHASTA, a fluid transport algorithm
that works [J. Comput. Phys. 11 (1973), no. 1, 38-69], J. Comput. Phys., 135 (1997),
pp. 172-186.

[5] S. BOSCARINO AND L. PARESCHI, On the asymptotic properties of IMEX Runge-Kutta schemes
for hyperbolic balance laws, J. Comput. Appl. Math., 316 (2017), pp. 60-73.

(6] E. BURMAN AND A. ERN, Implicit-explicit Runge-Kutta schemes and finite elements with sym-
metric stabilization for advection-diffusion equations, ESAIM Math. Model. Numer. Anal.,
46 (2012), pp. 681-707.

[7] M. P. Cawvo, J. bE Frutos, AND J. Novo, Linearly implicit Runge-Kutta methods for
advection-reaction-diffusion equations, Appl. Numer. Math., 37 (2001), pp. 535-549.

Copyright (©) by STAM. Unauthorized reproduction of this article is prohibited.


https://doi.org/10.1137/0732037

Downloaded 09/22/23 to 165.91.112.16 . Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/terms-privacy

(8]

[9]
(10]
(11]

(12]

(13]

14]

(15]

[16]

(17]

(18]

(19]
20]
(21]
(22]
23]
[24]

[25]

[26]

27]
(28]
29]

(30]

(31]

(32]

INVARIANT-DOMAIN PRESERVING IMEX METHODS A2537

F. CoQUEL AND P. LEFLOCH, Convergence of finite difference schemes for conservation laws
in several space dimensions: The corrected antidiffusive flux approach, Math. Comp., 57
(1991), pp. 169-210.

M. CROUZEIX, Sur l’approximation des équations différentielles linéaires par des méthodes de
Runge-Kutta, Ph.D. thesis, Univ. Paris 6, France, 1975.

M. CROUZEIX, Une méthode multipas implicite-explicite pour l’approrimation des équations
d’évolution paraboligues, Numer. Math., 35 (1980), pp. 257-276.

V. DARU AND C. TENAUD, Ewvaluation of TVD high resolution schemes for unsteady viscous
shocked flows, Comput. & Fluids, 30 (2001), pp. 89-113.

V. DARU AND C. TENAUD, Numerical simulation of the viscous shock tube problem by wus-
ing a high resolution monotonicity-preserving scheme, Comput. & Fluids, 38 (2009),
pp. 664-676.

A. ERN AND J.-L. GUERMOND, Invariant-domain-preserving high-order time stepping: I.
Explicit Runge—Kutta schemes, SIAM J. Sci. Comput., 44 (2022), pp. A3366-A3392,
https://doi.org/10.1137/21M145793X.

J.-L. GUERMOND AND B. Poprov, Invariant domains and first-order continuous finite element
approzimation for hyperbolic systems, SIAM J. Numer. Anal., 54 (2016), pp. 2466—2489,
https://doi.org/10.1137/16M1074291.

J.-L. GUERMOND, M. NAZAROV, B. Porpov, AND I. TOMAS, Second-order invariant domain pre-
serving approzrimation of the Euler equations using convex limiting, SIAM J. Sci. Comput.,
40 (2018), pp. A3211-A3239, https://doi.org/10.1137/17M1149961.

J.-L. GUERMOND, B. Porov, AND I. ToMas, Invariant domain preserving discretization-
independent schemes and convex limiting for hyperbolic systems, Comput. Methods Appl.
Mech. Engrg., 347 (2019), pp. 143-175.

J.-L. GUERMOND, M. MAIER, B. Porov, AND I. TOMAS, Second-order invariant domain pre-
serving approximation of the compressible Navier-Stokes equations, Comput. Methods
Appl. Mech. Engrg., 375 (2021), 113608.

E. HAIRER AND G. WANNER, Solving Ordinary Differential Equations. 11. Stiff and Differential-
algebraic Problems, 2nd revised ed., Springer Ser. Comput. Math. 14, Springer-Verlag,
Berlin, 2010.

A. HARTEN, High resolution schemes for hyperbolic conservation laws, J. Comput. Phys., 49
(1983), pp. 357-393.

B. M. JOHNSON, Analytical shock solutions at large and small Prandtl number, J. Fluid Mech.,
726 (2013), R4.

C. A. KENNEDY AND M. H. CARPENTER, Additive Runge-Kutta schemes for convection-
diffusion-reaction equations, Appl. Numer. Math., 44 (2003), pp. 139-181.

C. A. KENNEDY AND M. H. CARPENTER, Higher-order additive Runge-Kutta schemes for or-
dinary differential equations, Appl. Numer. Math., 136 (2019), pp. 183-205.

D. KuzMIN AND S. TUREK, Fluz correction tools for finite elements, J. Comput. Phys., 175
(2002), pp. 525-558.

D. KuzMmIN, R. LOHNER, AND S. TUREK, Fluz-Corrected Transport: Principles, Algorithms,
and Applications, Scientific Computation, Springer, 2012.

D. KuzMmIN, M. QUEZADA DE LuUNA, D. I. KETCHESON, AND J. GRULL, Bound-preserving fluz
limiting for high-order explicit Runge-Kutta time discretizations of hyperbolic conservation
laws, J. Sci. Comput., 91 (2022), 21.

X.-D. L1u AND S. OSHER, Nonoscillatory high order accurate self-similar maximum principle
satisfying shock capturing schemes. I, SIAM J. Numer. Anal., 33 (1996), pp. 760-779,
https://doi.org/10.1137,/0733038.

C. LOHMANN AND D. KuzMIN, Synchronized flux limiting for gas dynamics variables, J. Com-
put. Phys., 326 (2016), pp. 973-990.

S. P. N@RSETT, Semi Explicit Runge-Kutta Methods, Technical report 6/74, Univ. Trondheim,
1974.

S. OSHER AND S. CHAKRAVARTHY, High resolution schemes and the entropy condition, SIAM
J. Numer. Anal., 21 (1984), pp. 955-984, https://doi.org/10.1137/0721060.

L. PAReEscHI AND G. Russo, Implicit-explicit Runge-Kutta schemes for stiff systems of differ-
ential equations, in Recent Trends in Numerical Analysis, Adv. Theory Comput. Math. 3,
Nova Science, Huntington, NY, 2001, pp. 269-288.

L. PARESCHI AND G. RUsso, Implicit- Explicit Runge-Kutta schemes and applications to hyper-
bolic systems with relazation, J. Sci. Comput., 25 (2005), pp. 129-155.

M. QUEZADA DE LUNA AND D. I. KETCHESON, Mazimum principle preserving space and time
flux limiting for diagonally implicit Runge-Kutta discretizations of scalar convection-
diffusion equations, J. Sci. Comput., 92 (2022), 102.

Copyright (C) by STAM. Unauthorized reproduction of this article is prohibited.


https://doi.org/10.1137/21M145793X
https://doi.org/10.1137/16M1074291
https://doi.org/10.1137/17M1149961
https://doi.org/10.1137/0733038
https://doi.org/10.1137/0721060

Downloaded 09/22/23 to 165.91.112.16 . Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/terms-privacy

A2538 ERN ALEXANDRE AND JEAN-LUC GUERMOND

[33] R. SANDERS, A third-order accurate variation nonezpansive difference scheme for single non-
linear conservation laws, Math. Comp., 51 (1988), pp. 535-558.

[34] C. SCHAR AND P. K. SMOLARKIEWICZ, A synchronous and iterative fluz-correction formalism
for coupled transport equations, J. Comput. Phys., 128 (1996), pp. 101-120.

[35] C.-W. SHU AND S. OSHER, Efficient implementation of essentially non-oscillatory shock-
capturing schemes, J. Comput. Phys., 77 (1988), pp. 439-471.

[36] J. M. VARAH, Stability restrictions on second order, three level finite difference
schemes for parabolic equations, SIAM J. Numer. Anal., 17 (1980), pp. 300-309,
https://doi.org/10.1137/0717025.

[37] S. T. ZALESAK, Fully multidimensional fluz-corrected transport algorithms for fluids, J. Com-
put. Phys., 31 (1979), pp. 335-362.

[38] X. Zuanc anND C.-W. SHU, On mazimum-principle-satisfying high order schemes for scalar
conservation laws, J. Comput. Phys., 229 (2010), pp. 3091-3120.

[39] X. Zuanc AND C.-W. Suu, Mazimum-principle-satisfying and positivity-preserving high-order
schemes for conservation laws: Survey and new developments, Proc. R. Soc. Lond. Ser. A
Math. Phys. Eng. Sci., 467 (2011), pp. 2752-2776.

[40] X. ZHONG, Additive semi-implicit Runge-Kutta methods for computing high-speed nonequilib-
rium reactive flows, J. Comput. Phys., 128 (1996), pp. 19-31.

Copyright (©) by STAM. Unauthorized reproduction of this article is prohibited.


https://doi.org/10.1137/0717025

	Introduction
	Preliminaries
	Time discretization and quasi-linearization
	Space discretization and conservation structure
	Structural IDP assumptions
	Euler IDP-IMEX scheme
	Hyperbolic steps (1) and (2)
	Parabolic steps (3) and (4)
	Conclusion


	High-order IDP-IMEX schemes
	Butcher tableaux
	High-order IMEX scheme in incremental form
	IDP-IMEX scheme
	Hyperbolic steps (1) and (2)
	Parabolic steps (3) and (4)

	Conclusion

	Examples of IMEX schemes
	Main properties of IMEX schemes
	Consistency order
	Stability

	Second-order IMEX schemes
	Third-order IMEX schemes
	Three-stage schemes
	Four-stage schemes

	Fourth-order IMEX schemes
	Five-stage scheme
	Six-stage schemes


	Numerical illustrations
	Convergence tests
	Nonlinear scalar conservation equation
	Compressible Navier&#x2013;Stokes equations
	One-dimensional simulations
	Two-dimensional simulations


	Conclusions
	References

