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Asymptotic behavior of splitting schemes involving
time-subcycling techniques

Guillaume Dujardin* Pauline Lafitte'

Abstract

In order to integrate numerically a well-posed multiscale evolutionary problem such as a Cauchy problem for an ODE
system or a PDE system, using time-subcycling techniques consists in splitting the vector field in a fast part and
a slow part and taking advantage of this decomposition, for example by integrating the fast equation on a much
smaller time step than the slow equation (instead of having to integrate the whole system with a very small time
step to ensure stability for example). These techniques are designed to improve the computational efficiency and
have been very widely used for designing schemes, that may have (at least) one component that has to be computed
through an explicit scheme thus constrained by a limitation of the time step (CFL). In this paper, we study the
long time behavior of such schemes, that are primarily designed to be convergent in short-time to the solution of the
original problem. We develop our analysis on ODE and PDE toy-models and illustrate our results numerically on
more complex systems.

1 Introduction

Time-subcycling is a way to speed up computations for a multiscale problem by splitting the underlying
operator and treating the different steps of the resulting numerical scheme with adapted time-steps. Our
alm is to determine how appropriately the subcycling techniques capture the right asymptotic state for
continuous dynamical systems described by ODEs or PDEs, the solutions of which converge to a steady
state as time goes to infinity. In order to save computational time, the subcycling techniques have been very
widely used for schemes associated with multiscale systems, that may have (at least) one component that has
to be computed through an explicit scheme thus constrained by a limitation of the time step (CFL) [2] 10, [].
Related local time-stepping techniques have been developed extensively for multiscale problems arising in
computational fluid and structural dynamics [I7, [7, [§]. Simulating transport or diffusive phenomena in the
presence of complex geometries requires local mesh refinement, that imposes the use of finite element or
discontinuous Galerkin methods, and an ever larger number of steps if the chosen scheme is explicit, due to
the CFL condition, or the inversion of large matrices if an implicit scheme is preferred in order to alleviate
the time step restriction. The local convergence of these methods has been established in a variety of cases
(see [9, 11l [12] and references therein).

The applications we have specifically in mind are related to the recent development of the “asymptotic-
preserving” schemes in the sense of Jin [I4] [I5] for kinetic equations. Splitting systems with respect to
suitable timescales was indeed proved efficient for Boltzmann-type and Fokker-Planck equations by way of
micro-macro decompositions [I0] [16], 5, 4]. However, if subcycling techniques have been used in several test-
cases, up to our knowledge, the asymptotic error to the long-time solution has never been precisely analyzed.
Note that the computation of the iterated numerical solutions of the fast equations required by subcycled
schemes could be computed using for example multi-revolution composition methods (see for example [3] [6]),
even if we will not use these techniques in this paper. We aim here at studying the convergence (error
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estimates and rate of convergence) of subcycled schemes and comparing them to non-subcycled schemes in
simple situations. In particular, we exhibit the remarkable and unexpected asymptotic behavior of some
Strang splitting schemes, which approximate better the solution in long time than locally predicted, in the
spirit of the asymptotic high-order schemes developed by Aregba-Driollet, Briani and Natalini [I].

We develop our analysis on several examples which write as autonomous Cauchy problems of order one in
time with a fast and a slow component in the vector field. For every example, we introduce several schemes,
with and without splitting, we perform numerical experiments on the long-time behaviour of the proposed
schemes, and we provide the reader with a mathematical analysis of the numerical results. This paper is
organized as follows. Sections[2 and [3] are devoted to two different examples of differential systems with two
different time scales, in the spirit of the analysis of the Dahlquist equation when studying the asymptotic
stability of schemes for stiff ODEs [13] and of the analysis led by Temam [I8]. Both systems have exact
and explicit solutions so one can do any computation and estimate involving the exact flows. The first one
(analyzed in Section |2)) is linear and readsﬂ

{Z,I: —Nec(u —v) 1)

c(u —v),

where ¢ > 0 and N € N, with N being large: it is the stiffness parameter in the problem. The second system
(analyzed in Section |3) is nonlinear and readsﬂ

c(u—v) + (u—v)2. @

' = —Nc(u—v) — N(u—v)?
v =
For the numerical solutions of the linear system , we consider linear splitting schemes between the fast
(i.e. first) equation of the system and the slow (i.e. second) equation. Therefore the numerical schemes will
always lead to a product of matrices of the form

My(Ap) == </\Of 1_1>\f> and M, (\,) := (1_1/\5 AO) (3)

The expressions of the parameters A will depend on the choice of integrator (exact flow or #-scheme) and the
composition of the matrices will depend on the type of splitting one wants to use (Lie or Strang type). We
introduce the concepts of asymptotic error and asymptotic order (see Definition , and prove properties
about the asymptotic orders of the schemes (see Propositions and which are illustrated by several
numerical experiments. We comment on the differences between schemes with and without subcycling. In
Section [d] we perform the same kind of analysis in an infinite dimensional setting for a 1D linear coupled
reaction-diffusion system. For this problem, the boundary conditions play a crucial role in the existence of at-
tractive equilibrium states. We focus on two cases of boundary conditions (homogeneous and inhomogeneous
Dirichlet conditions). For a numerical point of view, we have to take into account the spatial discretizatiorﬂ
and the long-time behavior of the schemes is to be analyzed also with respect to the spatial discretization pa-
rameter. For homogeneous boundary conditions, we introduce a subcycled Lie-splitting scheme, we address
the question of the rate of convergence towards the equilibrium state (see Theorem and we compare
this rate to that of the exact solution (see Theorem [4.2). For inhomogeneous Dirichlet boundary conditions,
we compare several linear splitting schemes with and without subcycling and we address the question of
the asymptotic error which depends on both the time and space discretization parameters. For the subcy-
cled Lie-splitting scheme, we prove that the asymptotic equilibrium state of the scheme is a uniform-in-dt
second order L2-approximation of the exact asymptotic equilibrium state under a CFL-like condition (see
Theorem |4.7)).

1 From the dimensional point of view, ¢ is homogeneous to the inverse of a characteristic time.

2 Any solution of system or system satisfies u’/ + Nv’ = 0. Hence the corresponding trajectory is included in a straight
line of slope —1/N in the phase space Ry X Ry.

3 In fact, the stiffness parameter depends on the mesh.



2  Full analysis of the linear system

2.1 The exact solution

Let us compute the exact solution of . We consider the matrix

-N N
4= ( / _1> .
It is diagonalizable and its eigenvalues and associated spectral projectors are
(=(N+1), P=—-4/(N+1)) and (0, @ = (1,1)" (1, N)/(N +1)).

So the exact solution is, for all ¢ € R,
W) = (u(t),v(®) = (c”VFVP + Q) (uf, ")

for the initial values u° and v° at time ¢t = 0. In particular, we note that all the solutions converge to the
equilibrium state Q(u°,v°)* when ¢ tends to infinity. In the following, we fix T > 0 and we define

FT _ ef(N+1)cTP + Q, (4)

the eigenvalues of which are e~ (N+DeT and 1.

2.2 General properties of linear splitting schemes

Let Gs¢ be defined for §t € Iy as the 2-by-2 matrix of a numerical flow which is a product of matrices of
the form , where T is the intersection, that may depend on N, of the stability intervals of the related
schemes (see examples in Section . In the following, for all n € N, we will denote by

W= (") = G,
the numerical solution at time ndt starting from the initial datum W0 = (u%,v%)%.

Lemma 2.1: For all t € Ty, the matrix Gs; is diagonalizable, with two distinct real eigenvalues. One of
these eigenvalues is 1 and the other one lies in (0,1). The vector (1,1)! is an eigenvector of Gs; associated
to the eigenvalue 1. Hence the matrix Gg; reads

_(1—a(dt) «(dt)
ax=("5a0" 1 2%0m) )

for two real-valued functions o and 3. Moreover, the spectral decomposition of the matrix Gg; reads
Gt = u(t)P(61) + Q(t), (6)

where P(dt) is the matrix of the spectral projector of Gs; associated to the eigenvalue pu(6t) = 1—a/(dt)—B(dt)
and Q(0t) is that associated to the eigenvalue 1. In particular,

Q= (11" (B,a)/(a+p). (7)
Remark 1: We will sometimes use in the following the notation G|a, f] in reference to ().

Proof. Since all the matrices M, and My have (1,1)* for eigenvector associated with 1, so does any (finite)
product of such matrices and this explains the form of the matrix G, in . Moreover, since all the matrices
M, and M also have their other real eigenvalue in (0, 1), the determinant of a product of such matrices is in
(0,1). Hence for all 6t € Ty, Gs; is diagonalizable with eigenvalues 1 and u(0t) = Tr(Gst) — 1 = det(Gst) €
(0,1). [ |

With Lemma [2.1] we can show that the exact and numerical propagators share an interesting property:



N : = u+ Nv=u’+ N°
St 4 S(6t)v™ = u® + S(5t)v°

Fig. 1: Evolution of the exact and numerical solution in the phase space R, x R,. We note W" = (u", v"™)*.

Proposition 2.2: For any fixed 6t > 0, F§, = F,s5: projects the vector (u®,v%)* onto the line of equation u = v
when n tends to infinity and so does G, for all 6t € Zy.

Proof. The projection property for F,s as n — +oo relies on the decomposition (4). Using Lemma

we get Vn € N, G§, = (1(6t))" P(dt) + Q(dt), with |u(dt)] < 1 and the result follows. |
Let us denote those limits (which depend on 6t)
(U5 03om)’ = N GR(000)" and (u,0) = Tim R, 00)"

Let us define S(dt) as the ratio a(dt)/B(0t). Since V¢t € R, u(t) + Nuv(t) = u(0) + Nv(0), and ¥n > 0,
u™ + S(5t)o™ = u® + S(0t)v°, the asymptotic error (uS,,, v,)! — (uS2, v2)! = (Q(6t) — Q) (u®,v°)! can be
measured as the difference of the slopes of the two straight lines v + Nv = u® + Nv® and u + S(6t)v =
u® + S(5t)v° (see Figure [1)).

Therefore, we set the following

Definition 2.3: The relative asymptotic error is the scaled difference

_ [5(8t) = N
= 2=

o

and we say that the asymptotic order (A-order) is at least p € N* if when §t tends to 0, we have
g™ = O(6tF).
Of course, as usual, the A-order is the supremum of the set of such p.

Our first result is the following

Theorem 2.4: Let Gg; be defined for 6t € T, associated with a discretization of and assume that it is a
product of matrices of the form . If the local order of Gy is at least p + 1E|7 then its A-order is at least p.
Proof. Since the numerical flow Gs; has local order p + 1, its difference with the exact flow Fjs; reads
1 — a(dt) a(ot)
p(at) 1 —pB(dt)
This implies the following Taylor expansions for « and f:
aldt) =(1- e_C(NH)‘St)(N/(N +1))+ C’)((Stpﬂ) and B(0t) = (1 — e_C(NH)‘St)/(N + 1) + Ot th).

G&t_FM: ( > —e_(N+1)CétP—Q:O(6tp+1),

4 hence its global order is at least p



We infer that the slope of the equilibrium state is S(6t) = a(dt)/B(5t) = N + O(6tP). ]

Now, we define linear splitting schemes for the linear differential system , based on the composition
of exact flows of the split vector fields and on #-schemes discretizing the split equations. We focus on their
asymptotic behavior. We know from Propositionand Theoremthat for all initial datum (u°,2°) € R2,
the numerical solutions provided by such splitting schemes (assuming they are consistent with equation )
converge to an asymptotic state when the numerical time ndt tends to infinity (and 6t is fixed). The typical
questions of interest are the following: What is the size of this relative asymptotic error with respect to the
numerical time step d¢t 7 Can we do better than the estimate on the relative A-order provided by Theorem

247

2.3 Lie and Strang splitting schemes

)

Denoting by dt the numerical time step related to the ”slow” equation, the time step associated to the ”fast”
equation is then §¢t/N. When dealing with slow /fast Lie-splitting methods, one has to choose which equation
will be integrated first: either the slow equation first, and then the fast one (which we denote by FS)EL or the
fast equation and then the slow one (which we denote by SF). Note that, in our very simple linear setting,
the eigenvalues, eigenvectors, spectral projectors, etc of any FS splitting method can be deduced from those
of a SF splitting formula in a way explained in Appendix [A] and the analysis extends straightforwardly.
Therefore, we restrict ourselves to the study of SF Lie-splitting schemes.

The (exact or numerical) integration of the fast (resp. slow) equation of over a time step dt yields
the flow

D5t (resp. Dsot) with matrix My(Ap(dt)) (resp. My(As(6t))),

with A;(0t) = Ay (6t/N). In the following, we may use the superscript 8, which is either a parameter within
[0,1] of a #-scheme or § = ex for the exact solution. This means that

05 _ 1 — Ncbsét ) 0. _ 1— ch,6t )
A (1) = 1+ (1—67)Nest’ Aer(08) = L+ (1 —04)cot’
A (0t) = e~ Nk, ¥ (0t) = et

In case Oy € (1/2,1] (resp. 05 € (1/2,1]), we assume that (20 — 1)eN§t/N < 2 (resp. (20, — 1)cdt < 2) so
that X;f (6t/N) € (0,1) (resp. A% (6t) € (0,1)) (the associated schemes are A-stable). The stability interval
Iy is the intersection of these domains in §t.

Remark 2: Recall that A‘Jif (6t) = 1 — Ncdt + N2 (1 — 0;5)5t + O(5t?).
For any functions of 6t Af, Ay, we consider the following four schemes: given W™ € R?, we set
e Scheme #1: (Lie type - slow time - subcycled) W+l = G (6t)W™ where
G1(0t) = My(As(38)) My (As (6/N))Y
e Scheme #2: (Lie type - fast time - no subcycling) W"+! = G5 (5t)W"™ where
Ga(8t) = (M (Ao (5/N)) My (A5 (5/N)))™
e Scheme #3: (Strang type - slow time - subcycled) W+l = G3(5t)W"™ where

G3(0t) = Mo(Xs(3t/2)) My(Ap(5t/N))™ Mq(Xs(61/2))

5 We chose this notation because of the usual convention on the composition of flows: the first to be applied is written on
the right-hand side of the others.



e Scheme #4: (Strang type - fast time - no subcycling) W+t = G4(6t)W™ where
Ga(8t) = (My(As(5t/(2N))) Mp(Ap(3t/N)) My (Ao (5/(2N)))Y

Using the notations of Lemma we obtain

Scheme #1 a1(0t) =1 — (As(0t/N)™ B1(0t) = (1 = As(68)) (A (6t /N )Y
Scheme #2 a(0t) = 1 — A;(0t/N) Ba(6t) = (1 = As(0L/N)) A, (31/N)
Scheme #3 | as(00) = (1 — A, (0L/N) NG| Bo(08) = (L — A(Ot/2)(L+ A (0L N) A (54/2))
Scheme #4 | as(0t) = (1= A\;(0L/N))As(01/2) Ba(08) = (1 — A, (0£/2))(1 + Af (6t/N) A, (6/2))

Asymptotic order The above computations enable us to prove the following

Proposition 2.5: A linear Lie-splitting method such as Scheme #1 and #2 has an A-order of at least 1.
Moreover, if it involves two schemes of order at least 2, then its A-order is at most 1. However, it is possible
to build linear Lie-splitting methods of A-order at least 2 involving schemes of order 1.

Proof. The fact that Schemes #1 and #2 have order at least 1 follows from Theorem [2.4} Let us consider
Scheme #1 and assume that we have the following Taylor expansion for As(6t) and Af(6t/N):

Ap(0t/N) =1 — ot + 2 Ap5t2 + O(5t3)  and  A,(5t) = 1 — bt + 2 A5t + O(5t3).
We derive that
S1(6t) = a1(6t)/B1(6t) = N + cN(As — Ap + (N + 1)/2)dt + O(5t?).

When the two schemes are of order at least 2, we have Ay = A, = 1/2, so that the A-order is exactly
1. To build a Lie-splitting scheme such that its A-order is at least 2, one just has to solve the equation
Af—As=(N+1)/2 for Ay and A,. A similar computation yields

So(0t) = aa(6t)/Ba(dt) = N + c((1 — Ay)N + Ag)dt + O(5t?).

Hence, the choice (Af, A5) = (1,0) leads to a Lie-splitting method of A-order at least 2 with two underlying
methods of order 1. ]

Remark 3: The crucial point lies in the fact that the linear combination of the derivatives Ay and A, involves
N in both cases, so that the slow and fast schemes have to be specifically designed with the knowledge of N
if one wants to achieve the second A-order. Let us examine the §-schemes case. One infers from Remark 2]
that (Af, As) = (1—60¢,1—6;). So, as soon as N > 1, one cannot build schemes of type #1 or #2 of A-order
at least 2 with f-schemes, unless, in Scheme #2, the slow scheme is fully explicit and the fast scheme is fully
implicit. In this very particular case, the A-order is infinite because as = N35. Note that, if a fully implicit
scheme is at hand for the fast equation, it seems unwise to use a subcycling technique anyway, since there is
no stability constraint on ¢ from the fast scheme part.

Proposition 2.6: A linear Strang-splitting method such as Scheme #3 and #4 involving only schemes of order
at least 2 has an A-order of at least 2. Moreover, it is possible to build a Strang-splitting scheme of A-order
at least 2 involving two schemes of order only 1.

Proof. The fact that a Strang-splitting method involving two methods of order 2 is of A-order 2 comes
from Theorem [2:4] Assume we have the same Taylor expansion as in the proof of Proposition 2.5 For
Scheme #3, we have

53(515) = 043((575)/63(575) =N+ NC(QAS —-14+2- 4Af)5t/4 + O(étz),
and for Scheme #4
S4(6t) = aua(0t)/Ba(0t) = N + ¢(N(2A5 — 1) +2 — 4A,)dt/4 + O(étz).



For example, one can choose (Af, A;) = (1/4,0) to have a Scheme #3 of A-order at least 2 involving two
schemes of order 1. ]

Remark 4: In contrast to what occurs in the Lie case, the dependence upon NN in the Strang subcycled scheme
#3 is decoupled from the combination of A; and A,. In particular, in case the fast and slow schemes are
@-schemes, the above condition 1 — 24, + 4A; — 2 = 0 for Scheme #3 reads 40y —2 + 1 — 20, = 0 so that
we have a fairly natural one-parameter family of couples of schemes of order 1, not depending on N, that
lead to a subcycled scheme (#3) of A-order at least 2. In particular, one can choose to use an explicit Euler
scheme for the slow equation (6 = 1) and a semi-implicit scheme for the fast equation (6s = 1/4) so that the
subcycled Strang-splitting scheme #3 is at least of A-order 2. It is also possible to build a second A-order
scheme #4 with #-schemes provided one solves 2N (1 — 26,) + 260y — 1 = 0. One sees in that case that the
influence of the choice of f; weakens as N increases.

Remark 5: We can exchange the influence of the choices of A, and Ay in the A-order by Strang-splitting
with the order FSF, that is, by introducing

G3(8t) = Mp(As(8t/(2N))N My(As(8t)) My(As(5t/(2N)))N,
Ga(6t) = (Mp(Ap(8t/(2N))) My(As(68)) My(As(6t/(2N)))Y,

thanks to the computations detailed in Appendix The coefficient in front of 6¢* is then 46, —2+1 20y =0
(resp. 2(1 —26,) + N(265 — 1) = 0) for Scheme #3 (resp. %évél) One concludes easily that it is then possible
to build a %’) scheme of A-order 2 with an explicit fast scheme (6; = 1) and a semi-implicit slow scheme
(05 =3/4). For #4 schemes, one notes that the choice of the fast scheme is now the most important.

Convergence rate Let us perform the same analysis on the convergence rate to equilibrium, i.e. the
eigenvalues y;, i € {1,...,4}. We get the following Taylor expansions of p;(0t) = p;(6t) — e NF1 that
we summarize in the following table in the (A, A,) form:

i (A, As)
p1(dt) A(N(24; — 1) + 24, — 1)5t% /2 + O(6t7)
p2(6t) | A(N?(24; — 1) + 24, — 1)6t*/(2N) + O(6t%)
p3(dt) (2N(2A; — 1) + 24, — 1)6t* /4 + O(5t°)
pa(0t) | 2(2N?(24; — 1) + 24, — 1)6t°/(4N) + O(5t°)

One notes at once that second order fast and slow schemes generate a second order approximation of the
convergence rate, (as well as an A-order of 2 for Schemes #3 and #4). Besides, one can manage to construct
a second order approximated rate choosing at least one of the fast and slow schemes to be of order 1, but
the A-order will be exactly 1. The only combination of #-schemes leading to a second order approximated
rate and of A-order 2 consists in taking the Crank-Nicolson scheme for both the fast and slow schemes, using
the Strang splitting (Schemes #3 and #4). In any case, the choice of the fast scheme plays a greater role

than that of the slow scheme for the approximated rate. As predicted in Appendix |Al schemes #?3 and ;ézzl
have similar rates of convergence to that of schemes #3 and #4: the choice of the fast scheme is always

predominant.

2.4 Conclusion

Let us remind the reader that the applications we have in mind involve a fast equation for which an implicit
scheme is hard to solve, thus implying the use of an explicit scheme, inducing a stability constraint on the
numerical time-step dt. In that case, the subcycling techniques are computationally less costly, thus relevant.



We proved in this section that, in view of the aforementioned goal, we can indeed build a scheme of
type #3 with 67 = 1 (explicit), 8, = 1/4 (semi-implicit), which will be of second A-order, even though it is
(locally) consistent of order 1 with and has a rate of convergence which approximates the exact rate at
order 1. It is the only scheme, among the four types described above and involving an explicit resolution of
the fast equation, that achieves a second A-order.

3 Analysis of the nonlinear system

3.1 Analysis of the exact solutions

In this section, we investigate the long time behavior of the two-scale nonlinear system . Let us first write
this system in the form

{u’ = —N(u—v)lc+ (u—)] (8)

o= (u—v)c+ (u—0).
This way, we are able to derive the following

Proposition 3.1: Let (u",v°) € R? be given. The maximal solution starting at (u°,v°) lies on the straight
line of equation u + Nv = u® + Nv°. It is defined for all non-negative time if u® 4+ ¢ > v° and it dies in finite
positive time if u® + ¢ < v°. Moreover, if ug + ¢ = vy then the solution is constant, and if u® + ¢ > v° then
the solution tends to the intersection of the two straight lines of equations u + Nv = u® + Nov® and v = v,
i.e. to the point of coordinates (u® + Nv®)/(N +1) x (1,1).

Proof. The linear change of variable (X,Y) = (u+ Nv,u — v) yields the equivalent differential system
X' =0, Y =—-(N+1)Y(c—Y). The second equation of this system has for maximal solution starting
at t = 0 in Y° € R the function Y (t) = Y0 ¢N+Dt /(1 4 (1 — e ¢(N+D) Y0 /¢) defined as long as —c <
YO(1 — e=¢(N+1t) The result follows from this observation and the fact that the system reads (8)). [ |

3.2 Splitting schemes with or without subcycling for the nonlinear problem

Let us recall this result providing an estimate of the order of a splitting scheme (with or without subcycling)
as a function of the order of the underlying schemes and the order of the splitting method.

Theorem 3.2: Let us consider a differential system of the form

{1 = Ny

where f and g are smooth functions from R? to R. We denote by ¢, s; the exact flow of this equation. Let
us denote by ¢ (dt) (respectively) ¢,(dt) the propagators at time 0t of the two split equations:

{u: - Nf(ou,v) (resp.) {Z: _ g(u(,)v).

Assume that Sy s and Sss¢ are numerical methods of respective orders p and ¢q. Assume that a splitting
method is defined for aq,...,an,b1,...,b, € C by the formula

O5p = 117 (Ss,0,6t © Stasst),

so that this method with the exact flows has order r. Then the order of the method ®s; is at least min(p, ¢, r),
and so is the order of the method with subcycling

D3¢ =TI, (Ss vt © (Stast/n)™)- 9)



Proof. Since the method S s: has order p, we may write, when ¢ — 0,
Sest = @sse + O6PTY) and  Spsiyn = @pae/n + O,
The smoothness of the propagators implies that all p € N*,
_ +1
Stotin = Py + 00,

where the constant in the Landau symbol depends on p. In particular, for p = N, using the semi-group
property of the exact flow, we have
1
SHsn = ot + OBt

This implies that
g? = HZL:I(SS,bi(St o (Sf,aiét/N)N) — H?:1(<Ps7bi5t + O((Stp+1)) ° (SDf’ai(;t n O((Stq+1>)
=TI (Pabist © Prasst) + OOt POH)
= Pe,5t + (9(5tmi“(p’q’r)+1),

since the splitting method is assumed to have order r when used with the exact flows. This proves the result
for @3¢, The result for ®5; is even simpler. [ ]

In the following, we consider numerical splitting methods for the nonlinear problem in the same
way as for the linear problem in Section Scheme #1 is a SF Lie-splitting method with subcycling,
Scheme #2 is a SF Lie-splitting method without subcycling, Scheme #3 is a FSF Strang-splitting method
with subcycling, and Scheme #4 is a FSF Strang-splitting method without subcycling.

Once again, we consider numerical flows for the integration of the split equations described by 6-schemes,
i.e. for the fast equation, the first component of ¢f{ s5;(u™,v"™) solves the equation in X

X —u" = Nothy(c(v™ —u™) — (u™ —v™)?) + N6t(1 — 0) (c(v™ — X) — (X —v™)?),

while its second one is its second argument and, for the slow equation, the second component of @?@f se(u”, ™)
solves the equation in X

X — 0™ = 6th,(c(u™ — ™) + (u" —v™)?) + 5t(1 — 0,) (c(u” — X) + (u" — X)?),

while its first component is its first argument.

3.3 Numerical examples of splitting methods for problem

We run the four schemes with four different values of the couple (6f,60;). We sum up the results on the
asymptotic order in Table [I] and provide numerical results in Figure These results were obtained with
final time T = 2.0, speed ¢ = 1, factor N = 50, initial datum (u",v°) = (5,1), so that, using the analysis
carried out in the proof of Proposition the exact solution at final time is within a distance smaller than
10740 of its asymptotic limit 55/51 x (1,1).

By Theorem we know that the Lie-splitting schemes (Scheme #1 and Scheme #2) are of classical
order 1 for any possible choice of (0, 8;). The first two columns of Table|I{show that the asymptotic order is
also 1 in these cases. Theorem [3.2] also implies that the Strang-splitting scheme #3 has at least order 1 with
the choice (6,65) = (1,0) and the asymptotic orders collected at the end of the first line of Table |1 show
that the asymptotic order is also 1 in this case. The same theorem also ensures that Scheme #3 has order
2 when applied with (6¢,65) = (1/2,1/2). The asymptotic orders displayed at the end of the second line of
Table [1| show that the asymptotic order is also 2 in this case. The end of the 2 last lines is surely the most
interesting part of this section: for (0y,0s) = (1,3/4) and (0f,05) = (N —1)/(2N),1/4), the classical order
of the splitting method is, by Theorem at least 1. In the first case (6f,05) = (1,3/4)), the numerical
results show that the subcycled scheme #3 has A-order 2 while the Strang-splitting scheme #4 has A-order
1. We recall that, for these parameters, the Scheme #3 was of A-order 2 in the linear setting (see Remark
[). In the second case (fy,65) = (N —1)/(2N),1/4), the same phenomenon occurs: Scheme #3 has A-order



1 while Scheme #4 has A-order 2. We recall that these values of the parameters were chosen in the linear
setting in such a way that the (linear) Scheme #4 has A-order 2.

3.4 Conclusion

These examples suggest that, in this context, the A-order of a scheme applied to the linear problem is the
same as the A-order of the scheme applied to the nonlinear problem. This can be explained by the fact that
the two problems and have the same set of attractive equilibrium points (the straight line u = v),
they project the initial datum (ug,vp) (chosen in an appropriate subset of the phase plane (u’ + ¢ < v°)) on
the same equilibrium point (u® + Nv®)/(N + 1) x (1, 1), and in the neighborhood of this equilibrium point,
(u—v)? << |u —v|. In particular, these examples show that it is possible to build in the nonlinear setting,
as well in the linear setting, splitting methods with asymptotic order greater than the classical order of the
schemes used for solving the split-equations.

(0r,05) Scheme #1 | Scheme #2 | Scheme #3 | Scheme #4
(1.0,0.0) 0.9671 1.0000 1.2808 1.0499
(0.5,0.5) 0.9677 1.0000 2.0071 1.9952
(1.0,0.75) 0.9686 1.0021 1.9889 1.0548

(=L 0.25) | 0.9672 0.9991 1.5041 1.9932

-7
-46 -44 -42 -4 -38 -36 -34 -32 -

(c)

-65
“a6 -44 -42 -4

(b)

-38 -36 -34 -32 -3 -28 -26

-28 -26 -65

Fig. 2: Logarithm of the asymptotic error as a function of the time step: Scheme #1 (full red line), Scheme

#2 (dotted red line), Scheme #3 (full blue line), Scheme #4 (dotted blue line). (6y,6,) =
(1.0,0.75) (c) and (8;,6,) =

(a)7 (efaes) = (05705) (b)a (efaes) =

10

(1.0,0.0)

(N -

1)/(2N),0.75) (d).



4 A coupled reaction-diffusion system

4.1 The homogeneous Dirichlet problem

The continuous problem This section aims at studying the behavior of time-splitting schemes involving
subcycling techniques for solving the following system of partial differential equations

{ ou = rAu+ci(v—u) t>0,2€(0,L) (10)

Oov = Av+ca(u—v)

with homogeneous Dirichlet boundary conditions at = 0 and = L, and given initial data «° and v° in
an appropriate function space. Of course, A = 9?2 is the Laplace operator and L > 0 is given. We focus on
the case where one of the equations in System is “fast” and the other is “slow”. Moreover, we assume
the “speed” ratios allow us to actually do subcycling. This means that

v c

-2 -NeN, (11)

1%} C2
and N >> lﬂ Consequently, in accordance with Section [2| we will use the notation v = 15 and ¢ = ¢3. In
that case, the first equation in is the “fast” one, so u is the “fast” unknown and the second one (on v)
is the slow one. Let us recall that we have the following

Theorem 4.1: For all initial data (u°, v°) € L?(0, L)?, System has a unique solution ¢ — (u(t),v(t)) in
CO([0, +00), L2(0, L)?) N C>=((0, +0) x [0, L], R?), satisfying (u,v)(0) = (u°,v°).

Proof. If one looks for solutions of the form

Zak )sin (krz/L) and (¢, x) Zﬁk )sin (krxz/L),

then the coefficients satisfy the differential systems

2.2 k2ﬁ2

an(t) = —N <c+ v LZ ) an(t) + NeBi(t),  Bu(t) = cap(t) — (c+ uL2> Br(t),

-N (c+uk2§2) +Nc
and the eigenvalues A\, and pj of the matrices My, = 9 5 are both real,
+c (c + ukLQ )
negative and satisfy, when k tends to 400,
2,2 2,2
T ke
AkaN? and Mg ~ — 72 .

The following theorem deals with the asymptotic behavior of the solutions of System :
Theorem 4.2: For all solutions (u,v) of System and all £ > 0, we have

2n2vy

/OL(|u2| + NJ?)(t)dz < (/OL(|u|2 + N|v|2)(0)dx>e_ 12

6 Yet, we are not interested in the limit N — +oo.
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Proof. Let (u,v) be a smooth solution of (10). We compute
a1 L L L L
<dz€2/ (|ul® + N|v|2)dm> t) = NV/ u(t)Au(t) + Nu/ v(t)Av(t) + Nc/ (u(v —u) +v(u—v))(¢)
0 0 0 0

L L L
:_NV/O IVu(t))? — v 0 N|Vv(t)|2—Nc/0 lu(t) — v(t)]?

or2v1 [
<225 [ (P + o)z,
2 2 J,
using that N > 1 and Poincaré’s inequality. [ |

The goal of the next paragraphs is to show how this exponential convergence to 0 in L?(0, L) is reproduced
by splitting schemes with (or without) subcycling.

The space discretization In the following, we will use the classical finite-difference discretization of minus
the Laplace operator, using the symmetric tridiagonal M x M matrix A = toeplitz(—1,2,—1,0) where
M € N* and éx = L/(M + 1). We note for all 4 € {0,...,M + 1}, z; = i.0x and U = (uq,...,upr) will be
the solution of the discretized problem. Let us recall that the eigenvalues and associated eigenvectors of A
are, for 1 <p < M,

(/\p = 4sin® (%)7 (sin(lpw/(M 4 1)),sin(2pr /(M + 1)), ...,sin(Mpn /(M + 1)))) . (12)

In the following, we denote by
A=PDP! (13)

the corresponding diagonalization of A.

The time discretization: numerical analysis of the rate of convergence for several time-splitting schemes
Assume 0t > 0 is given. The methods we have in mind all share the same basic idea: we discretize in time
separately the spatially-discretized versions of both equations of System . We consider (p,p’,q,q') €
(N*)* such that

g

. Ny (14)
The “fast” one is discretized on an interval of length 0t/(Np) and we denote by @44 5 /(Np) its numerical
flow. We iterate this method p’ times. The “slow” one is discretized on an interval of length 6t/q and we
denote by @4, 5¢/4 its numerical flow. We iterate this method ¢’ times. Then, we compute numerical flows

using splitting methods and subcycling by considering numerical flows such as

\IlLie,ét = (I)slow,ét o q)jfvast,gt/]va (15)

corresponding to (p,p’,q,¢') = (1, N,1,1). As we did in Section [2[ and in Section |3} we consider #-schemes
for the solution of the slow and fast equations. We choose two parameters (6¢,60;) € [0,1]2. The numerical
integrators involved in the splitting scheme therefore read:

D@ fast,5e/n (U, 0") = [(I—Ofét <CI+V(5x)2A>) (I+ (1—6f)dt <CI+V(5x)2A>> u" + cotv™ , v ] ,

(16)
and
B tonw. 0 (4, 0") = [u" , (1 0.0t (d + 1/(5;)214>) (1 (1 0,)6t (d +u (5;15)2/‘) ) T cétu"] .
(17)

12



This way, a stability condition reads
1
< —————. 18
~ c+4v/(0x)? (18)
Note also that the stability condition on the scheme is actually independent on N, and this is a very
interesting feature of splitting schemes involving subcycling. Let us define for ¢ € {s, f},

1 1
B;(6t) :=1— 0,6t (CI + VWA> and Ci(0t) :=T+ (1—0;)dt (cI + VWA> .
For the sake of simplicity, we omit the dependence in dt of C' and B, thus noting (B, C)s = (B, C)s(dt/q)
and (B,C)y = (B,C)(dt/p). Since they are polynomials in A, the matrices I, Cs, Cy, By, By, C71, C’;l
and A do commute for all values (distinct or not) of 0t. The matrices of the linear mappings ®,,5/4 and
® 41,5t/ (Np) 0 the canonical basis of R2M read respectively

M) = (s pom)  wd e = (0T T g
Let us define ¥, ,,, = ZZOI(C’;lBi)k for m > 1 and ¢ € {s, f}. Therefore, the matrix of @?;St’gt/(lvp) reads
syaif vy = (WG R E),
Recalling (14)), we define Wy, v g0 = @z;owm/q o @?;Stﬁt/(]\,p) the matrix of which reads
(BfC;Hy ACTS
<c‘;t0;1(3fcf1)p/zs,q, (B,C7H7 + 02(;’&;0;1@125@2][,,,,) ’ (20)

In particular, if g = ¢ =p=1and p' = N, Us; ppgq = VYiiest and, if g =¢ =2, p=1and p' = N,
Ustppa,q A0d Ysirang st = Psiow,st/2 © @}Vast)&/N 0 ®y54,5¢/2 are similar and thus share the same spectrum.

Denoting by P the matrix (see (13]))
P 0

we obtain that the matrix D := P~'Ws; , v 4 P is exactly the same as that of where A is replaced
with D in the definition of the matrices By, B,,C; and Cy. In particular, it consists in four square blocks
of size 2M x 2M , each of which is diagonal. We infer that all the eigenvalues of Ws; v 4 4 are the roots of
the M polynomial equations

X = (67 )" + (67 .7 + cQ‘;fqb;l(bslis,q/if,p/)A + (o7 p)P (65 1)T =0, (22)
where
ot ot
1/Jf,s(/~L) =1- gf,s;/i and ¢f,s(/1') =1+(1- gf,s);:u» (23)
p'-1 a1
if,p/ = Z(d);ld)f)k and is,q’ = Z(Qb:lws)k, (24)
k=0 k=0

and p is an eigenvalue of cI + vA/(dz)%. We extend these six real-valued functions of y to the continuous
interval (c,c + 4v/(d2)?). The functions p — ¢; '(u) and p +— ;(1) are smooth, decreasing on (c,c +
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4v/(6x)?) with values in (0, 1]. Hence, any finite product of such functions and any finite sum is smooth and
decreasing on (c, ¢+ 4v/(6x)?). For example,

_ ’ _ ’ (StQ _ _ ~ ~
Pipe (07 (wer (), Q:pe (67 (Ws(u)?, S:pr C2E¢f N o5 (1) S (1) E g (1),
are positive decreasing functions on (¢, ¢ + 4v/(dz)?). Note that the discriminant of the polynomial is

D) = (P(n) + Q) + 5n) — 4Q(n) P1)
— (@) — P(u) +3(w)) +4P()S(w) > 0 (25)
= (P(n) ~ Q) + () +4Q(u) () > 0, (26)
so that the cigenvalues of Ws; 4. Teal and can be expressed using the functions

)\—(M):P(M)‘FQ(M)‘F;:(M)— D) 4 A*(M):P(M)+Q<M)+22<M)+ D(u)’

for p € (c,c+4v/(6z)?). Note that, with the stability condition (18], we have for all 1, 0 < A~ () < AT (k).
Moreover, we have the following monotonicity property:

Lemma 4.3: The map p — AT () is decreasing in (¢, c + 41//(5:1:)2)|ﬂ

Proof.  Note that, thanks to [25), \/D(n) > Q(u) — P(p) if Q(u) > P(p). Similarly, leads to
VD(p) > P(p)—Q(p) if P(1) > Q(u) since P, Q, ¥ are positive functions. So vD > |P—Q)|. Differentiating
the function p +— A*(p) with respect to p yields

2\/T>iA+
du

(P +Q +X WD+ (P+Q+_X (P +Q +%)—2(PQ)
(PP+Q +X)Q—-Pl+(P+Q)(P'+Q +%)—-2P'Q—-2PQ
P(IP-QI+P-Q)+Q(|Q—-P|+Q—P)

0.

IN AN A

This implies that the derivative of u + AT (1) is negative on (c,c + 4v/(52)?) and proves the lemma. |

Hence the biggest eigenvalue of Wsy 1, 1 g o is AT (1) with gy == ¢ + vA1/(6x)? (see (12)). Of course, an
asymptotic expansion of that biggest eigenvalue as 6t — 0T helps us controlling the exponential decay of the
L? norm of the numerical solution provided by Ws; v 4.4~ This allows us to prove the following

Theorem 4.4: Let c,v > 0, N > 2 and ®s:p 4, be defined as above. Assume M &€ N* is given. There
existsﬁ C,~,h > 0 such that for all T > 0, all U,V € RM all 6t € (0,h) and all n € N with nét < T, we
have

Wi 5t (U, VO)l2 < Ce ™ |[(U, VO)] 2. (27)

Remark 6: Note that one can impose v > NvA;/((N + 1)(6z)?) in this case (provided h is small enough).
Since NvA;/(6x)? — Nl/z—z as dx — 07 (or equivalently as M — +00), we have, at least asymptotically with
respect to dx, a numerical decay rate of the appropriate order with respect to the parameters v and L: we
compare the exact decay rate vm?/L? from Theoremwith the asymptotic numerical one Nvn?/(L?(N+1))
(recall that N is large).

7 Note that D is not a decreasing function of x in general.
8 The reason for the constant C' is the lack of symmetry of the matrix D.
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Proof. Let M € N* be fixed. Since ¢5}71(,u1)1/}f(u1) = (1 —040tp)/(1+ (1 —6)dtp), we may write

Vke{0,....p'h (97 (m)r(m))* =1 — kbt + O(5t%),
We infer that

D@ () (m) =p — W& +O(5t?).

k=0

Following the same way, we obtain Taylor expansions for P(u1), Q(u1), (1) and then D(u1) and eventually
At (p1) when dt tends to 0:

(N + D — /(N = 1)243 +4Nc2
2

A =1- 5t + O(6t%), (28)

and therefore,

T

—1

ot
Note that, since 0 < ¢ < 1, we have 0 < 4Nc? < 4Ny, and hence

(N + 1207 = (N = 1?47 = 4Npf > 4N,

() = 5 ((V + 1 — (N = 128 +aN ) 1 0(51).

and therefore

(N + ) — /(N — 1)22 + ANe2 > 0.

Since )\1+ is the biggest eigenvalue of W;. 5+, this proves the result. Note also that the constant v can be
taken arbitrary close to

SOV 4 D — [V = 1202 4 4Ne = (N 4 D — /(N 4 128 — 4N Gt — 2)).

Using the mean value theorem, for some cg € (0,4N (1% — c?)), the latter quantity is equal to

11 4AN(p2? —c? 2 N N

il (1 —c”) Vs B (11 +¢) (1 — ) > /\12_

22 /(N+1)2u2 — ¢y (N+Dmp N+1 oy ~——" N+1 (éz)
>V1 =v/8x?

4.2 The non homogeneous Dirichlet problem

The continuous problem In this section we consider System equipped with inhomogeneous Dirichlet
boundary conditions, namely

u(t,0) = uy, u(t, L) = u,, v(t,0) = vy, v(t, L) = vy, (29)

where uy, v, u, and v, are four given real numbers. As in the homogeneous case above (see Section [4.1)),
there is a unique stationary solution to the boundary value problem:

Proposition 4.5: The PDE system with non homogeneous Dirichlet boundary conditions has a unique
stationary solution given by

U™ ;s ul;l‘vl + (u,,.+v,.27Lulfvl):1: + (ul7vl)[cosh(w/a)fcosh(L2/a) sinh(z/a)/sinh(L/a)] + (ur—vy) sinh(w2/oc)/sinh(L/a)

ex

R UL;'UL + (ur—ﬁ—mz—;l—vl)x o (ul—vl)[cosh(m/a)—cosh(lé/a) sinh(z/a)/sinh(L/a)]  (ur—vy) sinh(;cz/a)/sinh(L/a)

ex * (30)
where a = \/v/(2¢).
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Therefore, using the linearity of the problems, for all (u°,v%) € L?(0,L)?, the non homogeneous reaction-
diffusion system ([L0)-(29) has a unique solution in C°([0, +00), L?(0, L)?) N C*°((0, 4+00) x [0, L], R?) satis-
fying (u,v)(0) = (u’,v"), which is obtained from that of the homogeneous Dirichlet problem (with a modified
initial datum) by adding the constant-in-time function (30) to it (see Theorem [4.I)). Moreover, for all ini-

tial datum (u®,v°), the solution of the non homogeneous System converges exponentially fast to the

stationary solution .
The goal of the next paragraphs is to illustrate how well this convergence towards (a discretized version
of) the stationary solution is achieved by numerical methods using subcycling techniques.

Space and time discretizations Using the same space discretization as above (see Section, we consider
two B-schemes for the time discretization in the spirit of what we did for the homogeneous problem (see (|16])-
(17)), with parameters 6; and 6. Taking into account the non homogeneous Dirichlet boundary conditions
yields a sequence ((U™,V"™)!),en defined by an arithmetic-geometric recursion: given W0 = (U°%, v0)¢
R?M | we have for all n > 0,

Wl = MW™ + M, <Ul > + M, (%”) = MW" + T (31)

)

where M is defined as a product of matrices of the form , U, = (u,0,...,0,u:)", Vi, = (v,0,...,0,v,)"
and M,, and M, are 2M-by-2M matrices, depending on dt, = and the choice of the splitting method between
the two #-schemes.

Let us list the numerical experiments we conducted:

e Scheme #1 (Lie - SF - slow time - subcycled): M, := M,(6t) and My := My (6t/N)

ot N4 cl oo 5t (0 0
_ N _ k _
M= MM, My=vesM, e ( : 0) and M, = v <0 0—1) (32)
k=0 S

e Scheme #2 (Lie - SF - fast time - no subcycling): M, := M,(6t/N) and My := M;(6t/N)

5t = c:1l o v St N 0 0
M= (M. Mp)Y, M = TZ M. M)t < 0 o) and My = 55 > (M) <o c—l)
k S

e Scheme #3 (Strang - SFS - slow time - subcycled): M, := M (6t/2) and My := M;(6t/N)

at cort oo 3t 0 0
N
M =MMF M., My =ves M8§ Mf( ! o) and M, = 262(12M+MMf)<0 Csl)

e Scheme #4 (Strang - SFS - fast time - no subcycling): M, := M,(0t/(2N)) and My := M (6t/N)

ot 0 0
Y onsar o+ Mly) (o 081)

Equilibrium states of the splitting schemes We prove the existence of a unique equilibrium state for the
splitting schemes above, comment on the rate of convergence of the schemes towards their equilibrium state
and also analyze how close the equilibrium state of each scheme is to a projection on the numerical space
grid of the equilibrium state of the continuous reaction-diffusion system with non homogeneous
Dirichlet conditions in an L? sense. Following , we denote by CFL(M) the positive real number

—1
M= MMM, M, =2, (Cf 0

dx 0 O) and M, =

1 1
FL(M) = _ _
CFL(M) c+4v/éz? e+ 4w (M +1)%/L2
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We endow RM and RM x RM with the classical Euclidian norms denoted by || - || and the corresponding
algebras of square matrices with the induced norms denoted by ||| - |||2. To compute the asymptotic numerical
solution of a given method of type (31)), we need to solve the 2M/-by-2M linear system

(Iopr = M)W =1 (33)

Proposition 4.6: Let §t,0x > 0 satisfying be fixed. For a general Lie-splitting method of the form ,
the numerical asymptotic state of any of the splitting schemes defined by the recursion relation above
is the unique solution W25 of the linear system .

num

Proof. Since dt, dx satisfy , we know from Theorem that the spectral radius of the matrix M
of Wr;e s+ in the canonical basis of R2M ig less than 1. Hence, the matrix Iop; — M is invertible and the
numerical asymptotic state is well-defined and unique. [ ]

Using the linearity of the problems, we infer that the numerical rate of convergence towards this asymp-
totic state is then given by Theorem

Let us state and prove the central result of this section, i.e. the convergent asymptotic behavior of the
subcycled Lie scheme (Scheme #1):

Theorem 4.7: Provided that 6t € (0, CFL(M)), the asymptotic state of Scheme #1 is a uniform-in-§t second
order approximation of the exact asymptotic state given in Proposition

(ng (Ué’i)) — W (5t) = O(622).

H(;w (’Ugi)
Proof. To analyze the asymptotic convergence of Scheme #1, we put the projections Ils, (ug,‘i) and
ILs, (v2) of the exact solutions uZy and vgy defined in in the numerical scheme. Using the identity
1
52 Al (u) = —Is, (Au) + Upr + O(627),
x

and the fact that the functions vy and v3? are solutions of with the non-homogeneous Dirichlet boundary
conditions , we first compute

o (G ) - () e () s

where the constant in the O is independent of 6t and dx provided that the CFL condition is fulfilled. Iterating
this computation, we obtain

N-1 -1
s, (u°°)> (HM (u°°)> ot k (C 0) (Ul_r> 2
My x{) = ) —v—s Y ME(T/ ")+ O(5t(67)?), 34
! <H6x (U(e))?) H&m(veoi) V5I2 kX:;J ! 0 0 0 ( ( $) ) ( )
where, once again, the constant in the O is independent of 0t and dx provided that the CFL condition (18]
is fulfilled. This is due to the fact that we have

M;O(5t(62°)) = O(5t(627)),
provided that ¢ € (0, CFL(M)) thanks to Lemma [4.§] that follows. |

Lemma 4.8: There exists a positive constant C' > 0 such that, for all M € N* and all 6t € (0, CFL(M)), we
have
IMsllz <€ and [ My]l2 < C.

9 for w € C°([0, L)), M5z (w) = (w(z1),. .., w(zar))t
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Remark 7: Note that the constant C' above is in fact greater than 1, even if the matrices have their spectrum
in the interval [0,1]. This is due to the lack of symmetry in those matrices.

Proof. Since the situation for M, and M/ is very similar, we prove the inequality for M only, and we
start with the decomposition
c;too By ctl
My= ("1 f M)
d < 0 1M> x ( 0 In

The CFL condition ensures that the spectrum of C;l lies in (0, 1]. Since the first matrix in the product
above is symmetric, we infer that its norm is 1. Hence, using the algebra property, it is sufficient to prove
the result for the second matrix in the product above, which is not symmetric. Using the fact that, for any
square matrix R with real coefficients, ||| R]||2 = p(AA), where p denotes the spectral radius, we are left with
the computation of the eigenvalues of the symmetric non-negative matrix

N, — szc C(Sth
F=\estBy (14 26ty )
The eigenvalues of the matrix Ny are the 20 roots of the M polynomials
X2 = (up+ L+ )X 4y, 1<p< M,

where (f1p)1<p<nm denotes the list of the eigenvalues of By. The CFL condition ensures that for all
p € {l,...,M}, pp € [0,1]. Hence, the greatest eigenvalue of the corresponding polynomial above is less
than 2(14+1+ c2§t2). Moreover, the CFL condition also provides us with an estimate on d¢ which yileds the
result with C' = 1/2(2 + ¢2/(c + 16v/L?)?). |

Multiplying by M,, we finally get

T, (u 5t A= c:loo\ (U, 5t (0 0 0
(Inng — M MY (HZIEU%D =V > M ( 6 0> ( é ) s (0 C;1> (VZ ) + O(5t(52)?).

k=0

Comparing this relation with that defining the numerical equilibrium state (31) (with the right-hand side
defined in ([32))), we infer that

(Ioas — M,MY) ((gzw Eu%ﬁ)) = W;ﬁm> — 5t0(62),

oo
vex

where the constant in the O is independent of §t and dz provided that the CFL condition is fulfilled.
Finally, let us state and prove the following Proposition about the inverse of the matrix (Iopy — MM J{V ):

Proposition 4.9: There exists a positive constant C' > 0 such that for all M € N* and all é¢ € (0, CFL(M)),

_ C
I~ M) s < S (3)
Proof. Let us fix M € N* and §t € (0, CFL(M)). Using the conjugation with the orthogonal matrix P (see
(21))), we have that the ||| - |||o-norm of Iopr — MSM}V is equal to that of the same matrix where A is replaced
with D (see ) The latter matrix has a very particular structure: the four M-by-M matrices defining it
are diagonal. Let us denote by (a;)1<i<m, (bi)1<i<m, (¢i)1<i<mr, and (d;)1<i<ar these entries such that

ai 0 0 by 0 0
0o . 0 0o . 0
0 0 apnr 0 0 bM
C1 0 0 d1 0 0
0o . 0 0o . 0
0 0 CM 0 0 dM

Z:=P "I -MM)P =
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The eigenvalues of Z lie in (0,1) (see Theorem [4.4]). Hence, Z is invertible and its inverse is given by

(€51 0 0 51 0 0

0o . 0 0 . 0

117 N-1p5_ |0 0 ay 0 0 By
Z7 =P =M= | S

0o . 0 0o . 0

0 0 YMm 0 0 5M

-1
a; b _ [ Qg Bi o
(Ci di) B (%‘ 5i> -

127 ll2 = maxy<i<rlmil2-

where for all ¢ € {1,..., M},

One can check easily that

Moreover, we have

a? +0? + 2+ d? + \/(a? + b7 + ¢ + d?)? — 4(a;d; — bic;)? - a? +b? + 2 + d?
Q(G,Zdl — biCi)z - ((lldz — biCi)Q
We split the upper bound above as follows

llmall3 =

b? + 7 N a? + d?
aidi - bici)Q (aidi — bici)Q7

and we prove an estimate of the form O(1/6t) for the two terms in the sum above. In view of (20), we have

a; =1— P(u;), b = —c6t(¢7 " Sp.n) (1),

(36)

llmall < (

and
ci = —cdt(¢5 P)(p) and d; = 1 — Q(u;) — *0t* (65 ¢ " S p.n) (jua)-

For the first term in the upper bound (36), let us show that the numerator is O(6¢*) while the denominator
is bounded from below by a positive constant times 6¢*.

On the one hand, we have
|b:i|? < AN26t? and |ei|? < 2ot (37)

On the other hand, for all ¢ € {1,..., M}, we have
aid; = bic; = (1= P(pa))(1 = Q) — *6t* (65 ¢ ' Sp.n) (1)

- (1 - wm;%%n) (1— Q) — ¢’ (qb;lqﬁ; '

() o) o

The CFL condition (T8) ensures that 6tui, 1s(ps), ¢35 (1), Y5 (i), ¢ (i) and P(p;) belong to (0,1]. In
view of the definitions (23), we have

(fs — s) (i) = 6tpi = (o5 — Vr)(1a),

1—(ppo; )Y
1—wf¢;1 )(/J/l)

so that
(1= (o7 N (i) 2 — ¢

b5 (11:) Hi
The CFL condition implies that 1/¢4(u;) > 1/2 and

0 < (¥ror N (i) < (o) (1) =

(lidl' — biCi =0t

1-— Gfétul-
14 (1—0f)0tu;
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Therefore, we have

_ _ Ot Otp;
1— BN >1 - YY) = i >t 39
05971 () 2 1= (6597 )00 = T35 2 3 (39)
This allows to bound from below
ot 52\
aid; —bijc; > — (i +o)( pi—c ) > cy——g.
4 "~ ——~ 4 bz
>c =vX;/dz?
Recall that for all z € (0,7/2), sin(x) > 2z /7, so that
A 4 1 M +1)? 4 72 1 4
Mo 2 (T ) > (M+1)° 4 = > (40)
ox" 6 2(M+1) L2 724 (M+1)2 = L2
This proves
Vo
aidi — bici Z ﬁét . (41)
Using (37) and , there exists a positive constant C' such that
b2 + c? C
VM € N*, Vst € (0,CFL(M)), it (42)

(a;id; —bic;)? — ot
Let us now bound the second term in the right hand side of (36). Let us fix M € N* and i € (0, CFL(M))
again. From , we have

1 _ 1 AT ( Hi )2
(aidi — cibi)® 6% (1= (o, )N ()2 \pi =)

A similar direct calculation yields

et = (1) (L) e 1Ly
- GWWFWWOT”¢£m@—w$ﬁwwf”%%mmiww07
- @‘WW?W%OT“me@-wﬁ?wwyfﬁﬁ?
We infer
mj:ivéﬁwmﬁiﬁ{”ﬁ@xlwﬁ%wwi@} ()

We can bound the terms in the product above as follows. The CFL condition implies that ¢2(u;) < 4.
Moreover, using , we have

L 1 1 oz 6a2® L2
7 5 = < <<
i —c (wi+c) (ui—c) — vhi — vA ~ 4v
——
<1

Recall that 1/¢s(p;)? < 1. From (39), we obtain p;6t/(1 — (waSJ?l)N(ui)) < 2. For the last term in the
product, we have

c? c
—0t = bt —— <1
75 ~~c+v\/éx
< ———
<1
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Using these inequalities in 7 taking products and using Young’s inequality, we infer that

a? + d? 1Lt 1
M e N*, Vot FL(M —t < 44
VM € N*, € (0, CFL(M)), (adi — b = 11252 (44)
The inequalities (42f) and (44)) together with (36[ prove the result. [ ]
q g p

The numerical tests we conducted for several values of 8¢, 65 and N showed that the matrix Iops — M is
also invertible for Schemes #3 and #4. We show here the graph obtained with Scheme #1 for the following
sets of parameters , N = 10 being fixed, M = 20, 40, 80,160, 6z = L/(M + 1):

o (u,ur,vp,v,) = (1,2, —1,4), 6t = 62°/v1 /2, (07,05) = (1,1) [explicit,explicit]

o (u,up,vp,v0) = (2,4,—1,4), M = 20,40,80,160, 6z = L/(M + 1), 6t = 0.01, (6;,0) = (1/2,1/2)
[Crank-Nicolson,Crank-Nicolson)]

H——t—+ \theta f=ithets_s=1
|o—0—0 \theta f=itheta_s=1j2

-3
5.0%10

10

error)

-4
5.0x10

log2(

10

5
5.0%10

1 2 2
5.0=10 10 1.5x10
log2{nurmiser of discretization points)

Fig. 3: L®-error of the asymptotic numerical and exact states for explicit/explicit and Crank-
Nicolson/Crank-Nicolson schemes. The numerical order is 1.94.

From Figure (3] we conclude that the asymptotic state depends only on the spatial discretization through dx
and does not depend on the time discretization dt or the values of . Moreover, the numerical order is close
to 2 in dx.

5 Conclusion and perspectives

Speeding up computations through a subcycling procedure is widely used, but the asymptotic behavior of
the numerical solution in large time is a concern. Indeed, there are two limits involved, as ét (and dz in
the PDE case) tend to 0 and as the final time T tends to +00. We proved for an illustrative case of ODE
systems that the asymptotic error is at least of the same order of convergence as the local-in-time error,
and can even be better since there exists a Strang combination of (local) first order schemes that leads to a
second asymptotic order ! The analysis of the convergence rate of the subcycled scheme has been performed
for ODE and PDE toy-models, showing that the Strang splitting associated with Crank-Nicolson schemes
was the only way to get a second order approximation of the exact rate. Finally, in the case of a coupled
reaction-diffusion system with non homogeneous Dirichlet boundary conditions, we were able to prove that
the asymptotic numerical solution obtained through a subcycled scheme is a uniform-in-d¢ second order
approximation in dx of the exact asymptotic state. The aim is now to tackle the much more difficult case
of a fully coupled hyperbolic-parabolic system, in particular as the limit of a system consisting of a kinetic
equation in the diffusive regime and a transport equation.
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A FS to SF computations

Let us define the matrix

0 1
= (7 5).

and let us denote by G[a, 8] a matrix of the form (f]). Let A be a 2-by-2 matrix. Then IT A exchanges the
lines of A and AII exchanges the columns. Thus, if A € R,

I M (N IL = My(N),
and, if o, 8 € (0, 1), I Gle, 8111 = G[B, a]
a, =G[B, al.

Since I1? = I, it means that M(\) and M(\) are similar, thus share the same spectrum. In Section [2] we
computed the A-orders and rates of convergence of SF (fast, then slow) and FSF (fast, then slow, then fast)
type schemes. We show here that the results we obtained can easily be applied to FS and SFS schemes.

Lie-splitting schemes  Consider Ay, Ay € (0,1). According to Lemmal[2.1|and Remark(T]} we define (A, Af)
and (s, Af) as
Ms(As)My(Ar) = Gla(As, Af), B(As; Af)]-

Since
Mf()‘f)MS(/\S) =1I MS()‘f)MfO‘S) 11,

we infer that
My(Ap)Ms(As) = LG[B(Ag, As), (Mg, As)] T
Consequently, we can deduce the convergence rate and the A-order of the FS methods at once from the

results we obtained for the SF methods.

Strang-splitting methods In the same way, knowing My (Af)Mg(As)My(Af), one can deduce the conver-
gence rate and the A-order of My(Ar)M(As)My(Af) by noting that

MS()‘S)Mf()‘f)MS()‘S) = HMf()‘S)MS()‘f)Mf()‘S) IL
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