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Abstract

Some systems of differential equations that model problems in science and engineering
have natural splittings of the right-hand side into the sum of three parts, in particular,
diffusion, reaction, and advection. Implicit-explicit (IMEX) methods treat these three
terms with only two numerical methods, and this may not be desirable. Accordingly,
this work gives a detailed study of 3-additive linear multi-step methods for the solution
of diffusion-reaction-advection systems. Specifically, we construct new 3-additive linear
multi-step methods that treat diffusion, reaction, and advection with separate methods.
The stability of the new methods is investigated, and the order of convergence is tested
numerically. A comparison of the new methods is made with some popular IMEX meth-
ods in terms of stability and performance. It is found that the new 3-additive methods
have larger stability regions than the IMEX methods tested in some cases and generally
outperform in terms of computational efficiency.

Keywords: Additive splitting methods, linear multi-step methods,
diffusion-reaction-advection problems, IMEX, order conditions, linear stability analysis.

1. Introduction

Many important systems modeled by partial differential equations (PDEs) have natu-
ral additive splittings according to physical contributions, e.g., diffusion-reaction-advec-
tion (DRA) PDEs. DRA PDEs describe the movement of substances from an area of high
concentration to an area of low concentration (diffusion), the chemical transformation
of a set of substances into others (reaction), and the movement of substances from one
region to another (advection). For instance, DRA PDEs are used to model air pollution
[30, @0], combustion [9], the Heston model of financial mathematics [23], tumour angio-
genesis and chemo-taxis [27], heat conduction [7), 8, B1], hemodynamics [I8] 36], blood
coagulation [IT], B3], cardiac arrhythmias [I5], B5], and atherosclerosis [20), 24].
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Many DRA equations include nonlinear terms, and this leads to difficulties in obtain-
ing analytic solutions. Therefore, approximating the solution via numerical methods is
often the only feasible option. In general, popular numerical methods for solving ordi-
nary differential equations (ODEs) are applied to the large systems of ODEs that result
from the spatial discretization of DRA PDEs by, e.g., finite difference methods, finite
element methods, finite volume methods, or pseudospectral methods [27].

A popular and effective approach to obtain a numerical solution to DRA PDEs is
through the application of an implicit-explicit (IMEX) method. In a typical version of
this approach, the diffusion and reaction terms are treated implicitly in time, and the
advection terms are treated explicitly. The idea of IMEX splitting, which was proposed
as a partitioned method, dates back to the late 1970s in [19} 25]. It was proposed as a
multi-step method in 1980 [I6]. After that, many other classes of IMEX methods were
studied. For instance, IMEX linear multi-step methods (LMMs) were derived in [0} B34]
and were investigated in many studies, e.g., [5] [17, 26, 27] 34}, 37]. The stability properties
of IMEX methods are often studied on the basis of stability regions defined by using
complex scalar test equations; see [2] [3, 4} [6] [21] 34]. Higher-order methods and those
with other enhanced numerical properties such accuracy, error analysis, monotonicity,
and boundedness were studied in [27, 28], 32]. Classes of general linear IMEX methods
were developed in [12] T3], 38| [39].

IMEX methods are a class of 2-additive methods. When dealing with DRA PDEs,
this constraint necessitates a grouping of three physical processes into two and could
be undesirable depending on the specific problem. For example, if the reaction term is
nonlinear and stiff, then treating diffusion and reaction implicitly together may be much
less desirable than treating them separately. In the latter case, the diffusion is often
linear, and reaction term usually leads to a system of uncoupled ODEs; i.e., both of
these sub-problems have specialized solvers associated with them that cannot be taken
advantage of when combined. Furthermore, the relative importance of the terms may
change during a simulation, again making the choice of an IMEX method sub-optimal.
In this work, we investigate two classes of linear multi-step methods that treat diffusion,
reaction, and advection separately, i.e., 3-additive methods.

Consider the initial-value problem (IVP) for a system of ODEs of the form

D1y = t00,y) 4 120 y) + 90 y), 1€ 0,T) (12)
y(to) = o, (1b)

where it is assumed that IVP comes from a spatial discretization of an DRA problem
and the functions fll : RxR™ — R™, ¢ = 1,2, and 3, and dimension m > 1, are assumed
to be sufficiently smooth.

A 3-additive numerical solution of equation can be found by writing the exact
integration of the right-hand side from ¢, to t,41:

yorn =yt [ (0500 + 2 y(0) + 0 y(0) )

n

and then using quadrature to approximate the integrals of 1!, fi2/ and f[3! by different
methods. For example, if the integral of the first term is approximated by backward
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FEuler method, the integral of the second term is approximated by trapezoidal method,
and the integral of the last term is approximated by forward Euler method, one can
obtain the following formula:

At
Yn+1 = ¥Yn + At f[l] (tn-‘rla yn-l-l) + 7 (f[2] (tn-‘rla Yn-‘rl) + f[2] (t'ru YTL)) + At f[g] (tnv Yn)~
(2)

The formula is an example of 3-additive numerical method.

The functions £, £, and ¥ correspond to the spatial discretizations of the dif-
fusion, reaction, and advection terms, respectively. The function fl!! is assumed to be
a stiff term that is to be integrated implicitly, whereas f3! is assumed to be a nonstiff
term that is to be integrated explicitly. The function f[2! could be stiff or non-stiff and
hence could be treated either implicitly or explicitly, yielding Implicit-Implicit-Explicit
(ITIE) or Implicit-Explicit-Explicit (IEE) methods, respectively.

The remainder of the paper is organized as follows. The class of k-step IIE linear
multi-step methods is described in section 2] The stability of ITE methods is investigated
for a linear DRA PDE in section 2.} Some IIE methods up to fourth order are derived
in section [3] The class of k-step IEE linear multi-step methods is described in section [4]
The linear stability of IEE methods is investigated for a linear DRA in section Some
IEE methods up to third order are derived in section Some numerical experiments
that verify the convergence order and illustrate the performance of 3-additive splitting
methods compared to popular IMEX methods are presented in section [6} The results
are generalized to N-additive methods in section [} Conclusions are given in section

We compare I[TE-LMMs and IEE-LMMs with IMEX methods, respectively, in terms
of stability and performance. Using the following approaches in the comparison between
ITE-LMMs and IMEX methods, when applying IMEX methods to the ODE of the form

Y —g(t.y) +1(0,) ©)

In the comparison between IIE-LMMs and IMEX methods, the diffusion and reaction
terms are treated implicitly, and their discretizations are grouped together as part of
g(t,y); the advection term is treated explicitly, and its discretization corresponds to
f(t,y). In other words, g(t,y) = fl(t,y) + f2(¢,y) and f(t,y) = fBl(¢,y). In the
comparison between IEE-LMMs and IMEX methods, the diffusion term is treated im-
plicitly, and its discretization corresponds to g(t,y); the advection and reaction terms
are treated explicitly, and their discretizations are grouped together as part of f(¢,y). In
other words, g(t,y) = flll(¢,y) and f(t,y) = f2(¢,y) + fB(¢,y).

2. k-step IIE linear multi-step methods

We now derive k-step IIE methods for , k > 1. Let y,, represent the approximate
solution at t, =ty + nAt, where At is the discretization step size. Then, the IIE linear
multi-step method with k& steps can be defined by



k—1 — k—1
1 1 2
I AR Zajyn =y By )+ Y R (s ya)

=0 j=—1 j=—1

k—1
3 G
3 O, yag), (4)
=0

where we assume that b[l] b[2] # 0. Expandmg in Taylor series about t, to obtain
the truncation error ylelds

1 k—1 k— (App-1 M k-t
~ |1+ Zaj] y(tn) [ Z 1 SR T Z(—j)”aj] v (tn) =
j= Jj=1 L Jj=1
[1] [1] S (At)p71 | [1] < 1,(1] dr—iflll
e
Z b ))+At Z L (p—1)! b +Z(_j) b; dep—1
j=-—1 j t=tn L Jj=1
r k—1
2y 2l 2 (A"t ) RN I
Z blg )+At |0 Z iyl L DT S
j=-1 j=1 t=tp L j=1
k—1 k—1
3 131 df! (At)P~1 ) 51 dP LB
> bt (y(tn»—AtZabg 1@ ot o DT | oty
j=0 j=1 t=tn j=1 =tn
(5)
Using in the truncation error leads to the order conditions
k-1
1+ Z a; = 0,
j=0
k—1 k—1
T ST S YT i
j=1 j=-—1 j=-—1 7=0
Vs NS g NS N )
1 S 2 12 13
52 Tu=bh =) gb =bh = by = =) by
j=1 j=1 j=1 j=1
o= - o (1) -0 = - = -1

(6)
The system @ gives the conditions for a k-step ITE-LMM to have order p. The
following theorem investigates the maximal order for a given k.

Theorem 1. For the k-step IIE-LMM , we have:

I Ifp <k, then the 3p+ 1 conditions of the system (@ are linearly independent. So
there exist k-step IIE-LMMs of order k.
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1. The order of accuracy of a k-step IIE-LMM is at most k.

III. The family of k-step IIE-LMMs of order k has k + 1 free parameters.

Proof. I. Because linear independence for p = k implies linear independence for p < k,
it is sufficient to prove the case p = k only. The system (@ can be represented in
matrix form

where

V:[ao,...

and

with

WYV = U, (7)
car—y, B b0 e ol e o )T e R,
U=[-1,...,—1341,0,...,09]" € R3**1
AL, 0 0
H' '—-DA 0 0
W= |- 0,1, A 1 Ao ’
0 ‘ 0 ‘ 0 1 A A (3k+1) X (4k+2)
1 1 1 1
0 -1 -2 1—k
A— |0 1 4 cn (1—k)? ’ (8)
. .kil :k71 :k71
0 (1) (-2) . (1=k) ok
1
2
D= . ’ (9)
k kxk
H=1[0,(-DF....(0=k)F],_,, (10)
T
L= [0,—1,—2,...7—/{]“(“1), (11)

and 1 is a vector of ones with size k. The matrix A is a Vandermonde matrix for
the distinet numbers {0, —1,—2,...,1 — k}. Because the Vandermonde matrix A is
nonsingular [22], it can be noted that columns 1,k+2,...,2k+1,2k+3,...,4k+2,
of the matrix W are linearly independent. Thus, all (3p+ 1) conditions are linearly
independent, and the system (6]) admits a (4k—3p+1)-parameter family of solutions
for p < k. Because columns (k + 1) and (2k + 2) of matrix W do not enter into
the above proof, we know b[ﬂ and b[f]l can have any nonzero value. This property
verifies that the family of methods is ITE-LMM.

I1. Assume the ITE-LMM has accuracy O((At)**7), r > 1; then the following condi-
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tions should be satisfied:

j=—1 7=0
k—1 k—1
2 . 2 .
o)+ 3 (b = ST (=il
j=1 j=1 (12)

k—1 k—1

2 2 . 3
SRS C DI
j=1 j=1

J

Let p; = bl bg3]; then the system can be written as

k—1
=0

k—1
2 .
bE]l + (_]):U’J = 07
j=1 (13)
k—
[2] . koo _
b+ (=) =0
j=1

Writing the system in a matrix form yields

11 1 .. 1 b1
1 0 -1 ... 1—-k
| | o =0,
Do L - :
Lo (=D oo (0=F)" | iiyyagpen) L a1 (k+1)x1

implying that b[f]l = 0 and bB-Q] = b?],j =1,2,...,k — 1, because the matrix of

coeflicients is nonsingular. This contradicts the assumption b[_2]1 # 0.

III. Consider a k-step IIE-LMM that achieves the maximal order. Then, as shown
above, the family of such method has exactly (k + 1) free parameters.

O
2.1. Linear stability analysis for IIE-LMMs
Consider the scalar test problem
d
= =Py 4 dy + vy, (14)
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where p,v € R, A = A\, +14)\; € C, and A\, \; € R. The terms in the test problem are
meant to represent typical eigenvalues of the Jacobians of fil, i = 1,2, 3, with respect to
the solution y, assuming they are simultaneously diagonalizable. Specifically, —u2y cor-
responds to the diffusion term, Ay corresponds to the reaction term, and ivy corresponds
to the advection term.

Applying ITE-LMM (@) to yields
1+ A 2 — A\, + Mi)} Ynit

k—1
+ Z [0 — it x; + 60) + Aubl! — AP, ]y, = 0.
Jj=

Assuming this linear constant-coefficient difference equation has solutions of the form
yn = €7, then the characteristic equation is given by

o(€) = |1+ At 2 — P x) —iaw | ¢k
k—
+ 3 [as =it + o)+ Ar(el) — b €1 (15)

=0

,_.

<.

It can be noted that the stability holds if and only if all simple roots of the equation
(15) satisfy |¢;|< 1 and multiple roots satisfy |;|< 1. The region in complex plane that
contains these roots is called the stability region of the method. However, the stability
region of 3-additive methods is in C? (~ R%). It is not entirely obvious how to characterize
the stability behavior of a 3-additive LMM by adjusting the parameters p, v, and A. To
overcome this difficulty, we discuss the stability of ITE-LMMs in three cases A = iv,
A= —p? and A = —p? +iv. These cases represent the limits of the reaction term having
purely imaginary eigenvalues, purely negative real eigenvalues, and the intermediate case
where it has an equal combination of the two.

3. Construction and Stability of ITE-LMMs

In this section, we construct ITE-LMMs by using the coefficients of well-known IMEX
methods for the fl!l (diffusion) and f1?! (reaction) terms, and then derive coefficients of
f13] (advection) terms that satisfy the relevant order conditions @ The order conditions
for IIE-LMMs methods are summarized in table We then also analyze the linear
stability of the constructed methods using eq. in the three cases described. The
linear stability regions for ITE-LMMs up to fourth order are presented in table 2]



Table 1: ITE-LMMs

k Methods
1 Y1 = ¥n + Atfaf (b, yoen) + (1= )f )t y0) HEL
+ BE (b1, yng1) + (1= BYEP (b, yn) + £ (£, ).
Yni1 + @0yn + arya-1 = At (bE]lf[l](tn+1,yn+1> + 0t (b, ya) + b&”f[”<tm,yn4))
k=2 + At <b[f]1f[2] (tni1,ynsr) + b2 E2 (b, yn) + B E2 (4, g, yH)) IIE2
AL (b([f]fm (tn,yn) + bEEC) (tn,l,yn,1)> .
Ynt+1 +A0Yn + A1yn—1 + a2yn-—2 =
A (B b, yen) + 08 (6, ) 4 B (o) + R (b2, ) )
ks 80 (DLt Yoen) B ) O (1,3 0) + B (2,3 2)) HEs
A (Bt ) + 0 b1, 1)+ 076 (12, 902))
Ynt+1 + aoYn + a@1yn—1 + a2yn—2 + a3yn—3 =
A (0 (i, ) + B () B b, ym) 06 (b, ) + T (6 va)
b= + At (b[f]lf[z] (tns1, yner) + 05 £ () + 0P (tnr yne) + B5 £ (02, yn2) + B (2 s, y"’a)> "
+ At (bgg]f[iﬂ(tm o) + O (b1, v 1) + Ot 2, yn2) + B (s, yn—s)) .

First-order IIE methods

The two-parameter family of one-step, first-order IIE-LMMs for is presented in

table [I| The choice (a,) = (1,1) in [[IE]| yields the formula , which was used to
introduce 3-additive splitting methods in section [I]

Stability analysis

Applying the method [[IE1|to the test equation yields the stability region {|{(v, A, p)|<
1}, where

iAty—Atp®+ AN
EWAp) = 1+ e (16)
1 At(A—p?)FiAt(v+X;)
t TT AN anZ= BN —iAEN; -

For simplicity, the stability region can be defined as a region of the parameters (z1, 22, 23) =
(—p?At,vAt, AAt). The choice (a, 8) = (3, 2) in[[IE]| yields the IIE method

1
Yn+1 = ¥Yn + At |:2 (f[l] (tn+17 Yn-i-l) + f[l] (tna yn))
(17)

1
+5 (3f[2](tn+l,Yn+l) +f[2](tmyn)) +f[3](tnaYn):| :

which turns out to have favorable stability properties. We refer to this method as ITE-1.
We discuss the following cases of stability for the method .



o Case 1 (diffusive reaction term A = —p?)
The stability function is given by

129 + 221

=1 .
£(21,22) =1+ 192,

The stability region for this case is presented in table [2| and it can be shown that
the method is Ag-stable.

o Case 2 (non-diffusive reaction term A = iv)
The stability function is given by

4i22 + 22’1

S ke
Sz =14 5= 5,

The stability region for this case is presented in table 2] and it can be shown that
the method is A-stable.

o Case 3: (mixed reaction term \ = —pu? + iv)
The stability function is given by

4i22 + 42’1

S IR s
Sevz) =14 o=

The stability region for this case is presented in table 2] and it can be shown that
the method is A-stable; table

In addition, we compare the stability of the first-order IITE1 method with the
stability of IMEX1 method,

At
yn-‘,-l =¥Yn + T (g(tn-i-h Yn-i-l) + 3g(tn7 YTL)) + Atf(tn7yn)7 (18)
and the semi-implicit BDF (SBDF1),
Yntl =Yn + At (g(thrh yn+1) + f(tnv Yn)) : (19)

It can be noted from table|2|that the stability region for ITE1 method is significantly
larger than the one for SBDF1.

3.1. Two-step, second-order ITE-LMMs
Two-step ITE-LMMs for IVP is presented in table A second-order method is
obtained provided the [[IE2 order conditions|in table are satisfied.

Stability analysis for k = p =2 IIE-LMMs
The second-degree characteristic polynomial resulting from ([IE2|) applied to the test
equation is given by
B(¢) = [1 ol Ar2 — AP (A, + Mi)} €2
+ [ao — 1At (Bf A + ) + Ar(e 1 — BN | €

+ar — AP+ 0P0) + At —piP,) = 0.
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ITE-CNLF Method

A two-step, second-order ITE-LMM can be obtained by applying something similar
to the Crank-Nicolson leapfrog (CNLF) method for the implicit terms fN (¢, 1,yn41)
and f1?(t,41,yn+1) and the leapfrog method for the explicit term fBl(¢,,y,,) as follows

Yn+1 = Yn-1 + At (f[l] (tn—i-lv y”-i-l) + f[l] (tn—h Yn—l))

(20)
+ 2At (f[z] (tn-l-la Yn-‘rl) - f[Q] (tnv Yn) + f[2] (tn—17 Yn—l)) + 2At (f[3] (tna Yn)>

We refer this method to as IITE-CNLF2.

Stability Analysis
We discuss the stability of the ITE-CNLF2 method for three cases.

o Case 1 (diffusive reaction term A = —pu?)
The stability region for this case is presented in table [2] and it can be shown that
the method is Ap-stable.

o Case 2 (non-diffusive reaction term A = iv)
The stability region for this case is presented in table [2) and it can be shown that
the method is A-stable.

o Case 3: (mixed reaction term A\ = —pu? + iv)
The stability region is presented in table[2, and it can be shown that the method is
Ap-stable with a band of linear stability around the negative real axis that is larger
than that of Case 1.

In addition, we compare the stability of IITE-CNLF2 method with the stability
of the second-order IMEX Modified CNAB (MCNAB2) method,

Lot )
16 8 16g n—1,Yn—1

9 3
Ynt1 =Yn + At (g(tn-‘rla}’n-i-l) + 5 8(tn, yn) +

(21)
3 1
+ At 7f(tn7Yn) - 7f(tn—17yn—l) 3
2 2
and the SBDF2 method,
4 1 2 4 2
Ynt1 = g}’n - g}’n—l + gAt (g(tn+17Yn+1)) + At (Sf(tnayn) - 3f(tn—1ayn—1)> .
(22)

It can be noted from table [2| that the stability region for ITE-CNLF2 method is
significantly larger than the stability regions for MCNAB2 and SBDF2 methods for the
case \ = iv.

3.2.  Three-step, third-order IIE-LMMs

Three-step ITE-LMMs for IVP is presented table A third-order method is
obtained provided the |[IE3 order conditions|in table are satisfied.
10




Stability Analysis for k =p =3 IIE-LMMs
The third-degree characteristic polynomial resulting from (IIE2)) applied to the test
equation is given by

B(¢) = [1+b£” Atp? — A, +iN) | €8

)]

+ a0 — it x + o) + At(erel)! - o0 ¢

+ [ — it + o) + Argeel! - o) ¢
(1

o Jas = i@+ 05) + At — 1)) = 0.

IIE-MBDF'3
A three-step, third-order method can be derived as follows
18 9 2 6
- — —Vno1— — = At £l (¢ ,
Ynt1 = 77 ¥n + y¥n-1 = 7y ¥n- <11 (tn+1:Ynt1)
At (St yo) + if% Vo) = ot 1y 1) + o=t 2y o)
2 n bl n 22 ns n 22 n I’ n 22 n I’ n

18 18 6
At =Bt y0) — =B (1, yno1) + =B (b2, yn2) ) -
+ t<11 (tn,yn) 1 (tn—1,¥n-1) + 1 (th—2,Yn—2)

(23)

Because this method applies the third-order BDF method for the implicit term, we refer
this method to IIE-MBDF3 (modified third-order BDF).

Stability Analysis
We discuss the stability of the ITE-MBDF3 method for three cases.

o Case 1 (diffusive reaction term A = —p?)
The stability region for the method is presented in table and it can be shown
that the method is Ag-stable.

o Case 2 (non-diffusive reaction term A = iv)
The stability region for the method is presented in table and it can be shown
that the method is Ag-stable.

o Case 3: (mixed reaction term A = —p? + iv)
The stability region for the method is presented in table and it can be shown
that the method is Ag-stable.

In addition, we compare the stability of IIE-MBDF3 method with the stability of
IMEX Adams-Bashforth (IMEX-AB3) method,

_ LA 4661 (t )+324 (t )+ 13 (t ) 247 (t )
Yn+1 = ¥Yn 10000g n+1lyYn+1 625g nyYn 200g n—1,Yn—1 5000g n—2,Yn—2

23

4
St tnf yyn—
19 (th-1,Yn—1) +

tnan_
£(tn, yn) = 3

5
+ At < 7f(tn72, yn2)> .

12
(24)
11



It can be noted from table |2 that the stability region for the IIE-MBDF3 method
is larger than that of the IMEX-AB3 method.

3.8. Four-step, fourth-order IIE-LMMs

Four-step ITE-LMMs for is presented in table A fourth-order method is obtained
provided the [[TEZ order conditions| in table [A75] are satisfied.

Stability Analysis for k =p =4 IIE-LMMs
The fourth-degree characteristic polynomial resulting from ([IE2|) applied to the test
equation is given by

= [1+b LAt — A (N, + N )} ¢
+ ao — ine (2 +880) + At(upl) — p2a )] e
o [an — Bt n; + 010) + Ar(ol) — )] €
+ {az — At (BN + b)Y + Ar(uPl — b[;})\r)- ¢
+ as —int 2 x; + 0P0) + At — b2 = 0.

IIE-MBDFY,

A four-step, fourth-order method can be obtained by applying the fourth-order BDF
method for the implicit terms as follows

IR U
Yn+1 25Yn 25yn—1 QSYn 2 25}’ -3
12 12 96
= At (%fm (tn+17Yn+1)) — At <25fm (tnt1,Yny1) — %fm (tny¥n)
144 96 24
25 f[Q]( n 1aYn—1) f[Q]( n Q?yn—Q) + *f[Q] (tn—3a)’n—3))
+At f[g]( Y )—Lf[g](t 1, Yn—1)+ ﬁf[g]( 2,y 2)—Lf[ (th—s,¥n-3) ) -
5 n 25 n b n 25 TL ) n— 25 n ) n

(25)

We refer this method to IIE-MBDF4. We discuss the stability of the IIE-MBDF4 method
for three cases.

o Case 1: (diffusive reaction term \ = —pu?)
The stability region for the method is presented in table [2| where we see a
relatively small linear stability region.

o Case 2: (non-diffusive reaction term A = iv)
The stability region for the method in this case is presented in table [2| and it
can be shown that the method is Ag-stable.

o Case 3: (mixed reaction term A = —pu? + iv)
The stability region for the method in this case is presented in table [2| where
we see a relatively small region even compared to that of Case 1.
12



In summary, we get A-stability in many situations for first and second-order ITE-LMMs
and Ag-stability for the second, third, and fourth-order IIE-LMMSs. Accordingly, second-
and third-order ITE-LMMs could be highly suitable choices for DRA problems that suffer
from time step size restrictions due to stability. In addition, we compare the IIE-MBDF4
method with the fourth-order IMEX-SBDF4 method,

48 36 16 3 (12

Yn+1 Z%Yn - 2*5Yn71 + %}’n72 - 2*5Yn73 + At 25g<tn+l7yn+1))

72 48
7f(tn717yn71) + 7f(tn72,yn72) -

48
+ At <25f(tn,yn) -5 -

%f(tnf& ynB)) .
(26)

It can be noted from table [2| that the stability region for the ITE-MBDF4 method
is larger than the stability region of the IMEX-SBDF4 method for the case A\ = iv.
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Table 2: Stability regions for ITE-LMMs

Case 1: A= —pu?

Case 2: A\ =iv

Case 3: A= —pu? +iv

Caset: A=-u?

N N
5 -4 3 2 o 5 4 3 2 -1 0
ZI Z1
Case2: \=i v R Case3: A=-p2+i v
——IEE-MCNAB2
5
2
1
05
NN NN 0 '
05
El
2
-15
-3
5 4 3 2 -1 o -3 2.5 2 -15 b 0.5 0
zZ, z 5
Casel: A=—? N Case2: \=i v B Case3: A=-p 2+ v
15+
2
1
i
05 =
N o N o
05 o
4
4
2
-15F
-3 2
5 4 ) 2 El o 2 15 K 05 0
z z

Case2: A=i v

°

1

o~



4. k-step IEE linear multistep methods.

In the ODE (1)), if the implicit method is applied to fl!(¢,y), whereas the explicit
methods are applied to fl2(¢,y) and fBl(¢,y), then k-step IEE-LMMs for can be
written as

E
—

1 k—1

1
Yt Ry > ayn-; = Z O (1 v ) + 3 0P (1, v )
Jj =0 ]_*1 J

I
<

(27)

+ Z bg'glf[g] (tn—j, Yn—j5),
7=0

where we assume that b[j]l # 0. Expanding in a Taylor series about t,, to obtain the
truncation error yields

k—1
1+Zaj=o,
IOMIES SUES S LD 3

Jj=1 j=—1

k=1 .o k—1 k—1
J 1 1 2 L [3
3 o=l -l =
j=1 j=1 j=1

DO =

Lo, | G S 8
p! pb 7 (-1 (p—1)! —~ (p-1)! (p—1)!

Similar to the argument in section [3 one can prove the following theorem.
Theorem 2. For the k-step IEE-LMDMs , we have:

I Ifp <k, then the 3p+1 conditions of the system (@ are linearly independent. So
there exist k-step IEE-LMMs of order k.

1. The order of accuracy of a k-step LMM is at most k.
III. The family of k-step IEE-LMM of order k has k free parameters.
Corollary 1. Any k-step IEE-LMM of order k reduces to an IMEX-LMM.
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Proof. Assume the k-step IEE-LMM has order k; then we have

SRR
2 3
b =",
j=0 =0
k—1 k—1
(—3)b =" ()l
j=1 j=1 (29)
k—1 k—1
_ 2 Nk— 3
(=)0 =37 (=)
j=1 j=1

k—1
> ni =0,
=0
k—1
> (=i =0,
= (30)
k—1
(_j)k_lﬂj =0
j=1

Writing the system in a matrix form yields

1 1 . 1 140

0 -1 [N 1—-% H1

. . . =0,

0 (=DF ... (1-k)* ok L HE—1 ]y
implying that bgg] = bg-g}, j=1,2,...,k — 1, because the matrix of coefficient is nonsin-
gular. So the method is IMEX-LMM. O

Therefore, we restrict the analysis to k-step IEE-LMMSs of order p = k — 1.

4.1. Linear stability analysis for IEE-LMMs
Consider the scalar test problem . Applying IEE-LMM (27) to yields

N
=

1+ Atb[ﬂﬂ Ynt1 + [aj — At + 0Py + Al — b?])\r)} Yn_j = 0.

J

<.
I
o

16



If this linear constant-coefficient difference equation has solutions of the form y, = ¢7,
then the characteristic equation is given by

k—1
1 . 2 3 1 2 i
() = |1+ b[,]lAt/ﬁ} &+d {aj — At PN + o)+ Arl 2 —olN, )| kit
j=0
(31)
Similar to analysis in section [3] we discuss the stability of IEE-LMMs in three cases
A=iv, \=—p?and A\ = —p? + iv.

5. Construction and Stability of IEE-LMMs

In this section, we construct IEE-LMMs by using the coeflicients of well-known IMEX
methods for the f(!I (diffusion) and i3 (advection) terms, and then derive coefficients of
f12 (reaction) terms that satisfy the relevant order conditions (28). The order conditions
for IEE-LMMs methods are summarized in table We then also analyze the linear
stability of the constructed methods using eq. in the three cases described. The
linear stability regions for IEE-LMMs up to fourth order are presented in table [4

Table 3: IEE-LMMs

k Methods
Ynt1+ aoyn + a1yn—1 = At (b[ﬂfm (tnt1,yni1) + B5 £ (b, ) + BIE (8, o, yn,l)> +
k=2 IEE2
A (B (b, y) + 02 (b1 y00) ) + A (B, 30) + 08 (11, 00) )
Yn+1+ @yn + @1yn—1 + a2yn-—2 =
At (b[,”lfm (tnsr, Ynir) 4+ B EN (L, y) + B (b 1 y1) + bg”f“](tn%yw)) +
k=3 At (b([f]fm (tn, ) + B (1,1, yn 1) + b £ (tnfz,ynfz)> + B3
A (B b y) + B (b1, ) + 0 (62, 32))
Yn+1 + @oyn + @1yn—1 + a2yn—2 + azyn—3 =
At (bl”lf“] (tnst, Y1) + 00 E (b, yn) + 0 (b1, yon) + S (b2, y2) + 05Tt s, ys)
= A (b([f]fm (tn,yn) + b5 E2 (tn1, yn1) + 05 EP (£ 2, yn2) + B (8, y",g)) e
+At (bif]f[ﬁ] (tnsyn) + B (b, 1) + 05 €9 (b o,y o) + 5 (1, ynﬁ)).

One-step, first-order IEE-LMMs
The first-order IEE-LMMSs for the IVP (1)) can be written as

Yn+1 = ¥Yn + At af[l] (tn+17yn+l) + 6f[2] (tna YTL) + ’}/f[g] (tna Yn) . (32>

17



For a smooth function y(t), we expand in a Taylor series about t,, = nAt to obtain
the truncation error. This yields

At)? £l
Yn + Atyn + ( Qt) Yo+ =yn + Ata [f8(t,,y,) +At%
(At)2 A1 (t,,, y,) (33)
5 T ,

+ AtBEC (1, y0) + AtyEPl ().
Applying to the truncation error provides:
o Coefficients of fll(¢,,,y,): At(1 — ) = 0, implying that a = 1.
o Coefficients of f?I(¢,,,y,): At(1 — 3) = 0, implying that 5 = 1.
o Coefficients of fP¥l(¢,,,y,): At(1 —~) = 0, implying that v = 1.

Therefore, the method turns into an IMEX method, in agreement with the result of
Corollary

Two-step, first-order IEE-LMMSs

Two-step IEE-LMMs for IVP (1)) is presented in table A first-order method is
obtained provided the [EE2 order conditions| in table [AZ6] are satisfied.

Stability analysis for two-step, first-order IEE-LMMs

The second-degree characteristic polynomial resulting from [EE2| applied to the test
equation is given by

o(¢) = {1 n b[_”lAtlﬁ} €2y [ao — A O + 0P + At 2 — b{flm} ¢
+ay —intP N +6P0) + el — PN, =0,

IEE-MCNABI1 method

A two-step, first-order IEE-LMM can be obtained by applying something similar
to the Crank-Nicolson (CN) method for the implicit term fl'(t, 11, y,41), the second-
order Adams-Bashforth (AB) method for the explicit term f13(¢,,,y,,), and a method for
£12(t,,y,) derived from the solution of the [EE2 order conditions|as follows:

At At
Yn+1 = ¥n + 7 (f[l] (tn-i-lv Yn-l-l) + f[l] (tna yn)))"i_? (f[z] (tnv Yn) + f[2] (tn—lv Yn—l))

At .
=2 (3] _ fl3]
+ 2 (3f (tnyyn) f (tn—lyyn—1)>-
(34)

We refer this method to as IEE-MCNABI1 (modified first-order CNAB) method.
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Stability Analysis
We discuss the stability of the IEE-MCNABI1 method for three cases.

o Case 1: (diffusive reaction term \ = —p?)
The stability region for the method is presented in table and it can be shown
that the method is Ag-stable.

o Case 2: (non-diffusive reaction term A = iv)
The stability region for the method is presented in table and it can be shown
that the method is Ag-stable and appears to capture the negative real axis better
than Case 1.

o Case 3: (mixed reaction term A\ = —p? + iv)
The stability region for the method is presented in table In this case,
the method can be shown to be Ag-stable and captures the negative real axis
intermediate to Cases 1 and 2.

In addition, we compare the two-step, first-order IEE-MCNABI1 method with
the IMEX1 method and the semi-implicit BDF (SBDF1) (19).

Three-step, second-order IEE-LMMs

Three-step IEE-LMMs for IVP (|1]) are presented in table [3 A second-order method
is obtained provided the [EE3 order conditions in table [Af are satisfied.

Stability Analysis for three-step, second-order IEE-LMDMs
The third-degree characteristic polynomial resulting from applied to the test
equation is given by
B(¢) = [1 + Al ,ﬁ} €y [ao — AP + 6P + At — 2 )\T)} €2
[ — i@+ o) + Argerel! - o) ¢ (35)
n [a2 NG + 6Py Ar(u2ll - bg21xr)} —0

IEE-MCNAB2 method
A three-step, second-order method can be derived as follows

1 1
Yn+1 —¥n = At <2f[1] (tn+1aYn+1) + if[l] (thn))

# 80 (58t 3,) = 58001 v00)) (36)

4 1 1
+ At <3f[3] (tnaYn) - éf[B] (tn—laYn—l) - éf[g] (tn—Q;Yn—2)) .

This method uses the second-order CN method for the implicit term 1Y (¢, 1,yn41), the
second-order AB for the explicit term f?I(¢,,y,), and a method for £*l(t,,y,) derived
from [IEE3 order conditions} We refer this method to as IEE-MCNAB2 (modified second-
order CNAB).
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Stability Analysis
We discuss the stability of the IEE-MCNAB2 method for three cases.

o Case 1: (diffusive reaction term \ = —pu?)
The stability region for the method is presented in table [4] from where we see
the stability region is bounded.

o Case 2: (non-diffusive reaction term A = iv)
The stability region for the method is presented in table [4] from where we see
the stability region is smaller than in Case 1.

o Case 3: (mixed reaction term A\ = —pu? + iv)
The stability region for the method is presented in table [4f from where we see
the size of the stability region is intermediate to Cases 1 and 2.

In addition, we compare the stability region of the IEE-MCNAB2 method with
the stability region of the second-order IMEX MCNAB2 method and the SBDF2

method .

Four-step, third-order IEE-LMMs
Four-step IEE-LMMs for IVP is presented in table A third-order method is
obtained provided the [[EE4 order conditions|in table are satisfied.

Stability Analysis for four-step, third-order IEE-LMMs
The fourth-degree characteristic polynomial resulting from [[EE4] applied to the test
equation is given by

o(¢) = [1+ 0 Aar?] ¢

+ ao — int 2 x; + 0P0) + Atupl — b2 &
+ ag — it x; + 0P0) + Aruplt — b)) e
+ ag — ine (2 + 00y + At — b2 )] ¢
+ [ag — int (WP N + 050y + Ar2el — N,
=0.
IEE-MBDFS3
A four-step, third-order method can be obtained as follows:
18 9 2 6 18
_ 2 = _Z — 2 gl1] 22 ¢l2)
Yn+1 11Yn+ 11Yn—1 11}’n—2 At (11f (tn+17Yn+1)) + At <llf (tnaY'n)

18
11

A7
At —
* (22

6
f[Q] (tn—la Yn—l) + ﬁf[Q] (tn—2a Yn—2))
69
f[g] (tna Yn) - Ef[g] (tn—lv Yn—l)

45 1
+ —fB] (tn—2,¥Yn—2) — §f[3] (tng,yn3)> )

22
(37)
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Because this method applies the third-order BDF method for the implicit term, we refer
this method to IEE-MBDF3 (modified third-order BDF).

Stability analysis
We discuss the stability of method for three cases

o Case 1: (diffusive reaction term \ = —p?)
The stability region for the IEE-MBDF3 method is presented in table [4] from
where we see the stability region is bounded but captures some of the imaginary
axis.

o Case 2: (non-diffusive reaction term A = iv)
The stability region for the method is presented in table and it can be shown
that the method is Ag-stable.

o Case 3: (mixed reaction term A = —pu? + iv)
The stability region for the method is presented in table 4| where we see a
bounded stability region that is smaller than Case 1.

Finally, we compare the stability region of the IEE-MBDF3 method with the
stability region of the IMEX-AB3 method .
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Table 4: Stability regions for IEE-LMMs

k Case 1: A= —p?

Case 2: A =iv

Case 3: A= —p? +iv

Caset: A=-?

2

Z

R I S S
T

Case2: =i v

Cased: =P v

——IEE-MCNAB1
4 - IMEX1

3 - - -SBDF1

Case3: A=-p?+i v

——IEE-MCNAB2

Caset: x=-?

Case2: \=iv

Case3: A=-p2+i v

—— IEE-MBDF3
o8 - - - IMEX-AB3

6. Numerical experiments

In this section, we test the convergence order of the constructed IIE and IEE methods
on a spatially discretized nonlinear DRA problem. Also, we compare the performance of
the 3-additive splitting methods with some well-known IMEX methods on Brusselator
DRA model, which is used to describe a reaction-diffusion system with non-linear oscil-
lations [29]. All numerical experiments are performed using MATLAB. Highly accurate
starting values for the ITE-LMMs as well as reference solutions for the method-of-lines
(MOL) ODEs obtained from spatial discretization of the PDEs are calculated using the
variable-stepsize, variable-order solver ode15s in MATLAB with an absolute tolerance of
1014 and a relative tolerance of 2.5 x 104,

The nonlinear algebraic equations associated with the implicit methods are solved
using a modified Newton’s method and the linear systems arising at each Newton iteration
are solved using the MATLAB mldivide operator (\) [I]. The mldivide operator applied
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to sparse matrices implements a specific direct solver depending on the characteristics of
the input matrix. For general sparse matrix, a sparse LU solver is used.

6.1. Order of convergence

To examine the convergence order of the constructed 3-additive methods for solving
DRA problems, we consider the nonlinear problem

U + ULy = Uze +u + f(,1),

u(x,0) = sin(27x), (38)
u(0,t) = u(1,1),

where
f(z,t) = cos (2mx + t) + 2msin (27x + t) cos (2mx + t) + 4n? sin (272 4 t) — sin (27 + 1)

The problem is posed on ¢ € [0,10] and z € [0,1]. We note that the equation is
equivalent to u; + (“;)x = Ugy +u+ f(z,t). The spatial domain is uniformly discretized
into N subintervals with spacing Az = 1/N; a second-order centered finite discretization
for advection and diffusion terms yields a system of ODEs written as

du; ui g —uiy U1 — 2U; + Ui
— (= ! L ! ! i iAx,t), 39
dt ( ne )7 (Az)? i+ fiAz, 1) (39)
where ¢ = 1,2, ..., N. In this experiment, we also investigate the order of convergence of

the methods constructed in section [3]in the maximum norm |.||o, of errors computed by
comparing against a reference solution for equation [39) generated using the ode15s solver
in MATLAB, at the end point of the interval of integration as a function of the time step.
Specifically, we calculate the slope of the line of best fit to the log(||lerror||s)-log(At)
data. The results for the constructed 3-additive splitting methods are presented in fig.
We can see that all methods achieve their expected orders of accuracy.
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5 - [—e—IE1 (slope=1)

~—4— lIE-CNLF (slope=1.9965)
IIE-MBDF3 (slope=2.993)

6 |~ IIE-MBDF4 (slope=3.9826)

log(Error)

11 L I 1 1 I L
-2.8 -2.6 2.4 2.2 -2 -1.8 -1.6 -1.4 A2 -1 -0.8

log(At)

—6— IEE-MCNAB1 (slope=1.
—4— IEE-MCNAB2 (slop
IEE-MBDF?3 (slope=3.0698)

log(Error)

L L 1 L L 1 L L 1
-3.2 -3 -2.8 -2.6 -2.4 2.2 -2 -1.8 -1.6 -1.4 -1.2
log(At)

Figure 1: log-log plot of error vs. time step and line of best fit for DRA equation solved by 3-additive
splitting methods.
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6.2. Performance Results
This section compares the performance results of the ITE- and IEE-LMMs introduced
in sections [3] and [5| with some popular IMEX splitting methods derived in [34]. The
comparisons are made for the following stiff variation of the standard Brusselator prob-
lem [14],
g = o, V2u — puVu +a — (w + 1)u + uo,

vy = a, Vv — P VU + wu — ugv, (40)

h—
wy = oy V2w — po Vw + =2 wu,
€
solved on t € [0,10] and z € [0, 1] using stationary boundary conditions,

Ut(t, 0) = Ut(t, 1) = vt(t,O) = ’Ut(t, 1) = wf(t,()) = wt(t, 1) = O,

and initial values
u(0,2) = a+ 0.1sin(7x),

v(0,z) = b + 0.1sin(nwz), (41)
a
w(0,z) = b+ 0.1sin(nz),

with parameters a, = ay, = p = 1072, py = po = pw = 1073, a = 0.6,b = 2,
and € = 1072. The problem is discretized uniformly in space using a second-order
accurate centered difference approximation with 100 grid points. The right-hand side of
problem is split into three terms as

a,V3u a— (w+1)u+u?v —puVu
= | o, V2 |, &= wu — u?v ,and 8l = | —p, Vo | . (42)
V2w b=w —puw VW

€

A reference solution for the MOL ODEs arising from the spatial discretization of
equation as described is generated using ode15s with an absolute tolerance of 10~2°
and a relative tolerance of 2.5 x 107, The error is measured by the mixed root mean
square (MRMS) error [10]

1 & Y, — v 2
MRMS = — ¢ ¢
v ()

where NN is the number of solution points, Y;, and y; denote the reference and numerical
solutions, respectively. Each experiment is performed ten times to mitigate random
influences on it; the minimum time measurement of the ten runs is considered because
a minimum time gives an indicator of how well a given method performs under ideal
conditions. We use a uniform time step size in each experiment, At = %, J=1,2,...,5.
Work-precision diagrams are used to compare the performance of the various methods,
where the log(MRMS error) of the numerical methods are plotted on the z-axis and the
log(CPU time) is plotted on the y-axis.
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6.2.1. IIE-LMMs Performance Results
First-Order Methods

We compare the first-order ITE1 method with the IMEX1 method and the
SBDF1 .

Second-order Methods

We now compare the ITE-CNLF2 method with the second-order IMEX Modified
CNAB (MCNAB2) method and the SBDF2 method (22)).

Third-order Methods

Here, we compare the ITE-MBDF3 method with the IMEX Adams-Bashforth
(IMEX-AB3) method (24).

Fourth-order Methods

Finally, we compare the IIE-MBDF4 method with the fourth-order method
IMEX-SBDF4 .

The work-precision diagram of these methods is given fig. 2| and it shows that the
ITE-MBDF3 and ITE-MBDF4 outperform the other methods tested for small stepsize.
The IIE1 significantly outperforms its first-order IMEX counterparts.

log(CPU Time)

10°
10" 107

log(MRMS Error)

10710 10° 10

Figure 2: CPU time versus accuracy

6.2.2. IEE-LMMs Performance Results
First-Order Methods
We compare the two-step, first-order IEE-MCNAB1 method with the IMEX1
method and the semi-implicit BDF (SBDF) (L9).
26
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Second-order Methods

We compare the IEE-MCNAB2 method with the second-order IMEX MCNAB2

method(21)) and SBDF2 method

Third-order Methods

Finally, we compare the IEE-MBDF3 method (37) with the IMEX-AB3 method (24).
The work-precision diagram of these methods is given in fig. [} and it shows that the
IEE-MBDF3 method outperforms the other methods tested. The IEE-MCNAB2 method

outperforms the SBDF2 method and is comparable with the MCNAB2 method.

log(CPU time)

0 1 1 1 1

10 10°
log(MRMS Error)

Figure 3: CPU time versus accuracy

7. N-additive linear multi-step methods

7.1. Extension to IN"1E
Consider a differential equation of the form

dy

5 O =ty + ) + o+ fV ().

(43)

If an implicit method is applied to fl(¢,y), £l (¢, y), ..., fIN=1(t,y), while an explicit

method is applied to £Vl (t,y), then the k-step IV "'E-LMM can be formulated as:
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= k-l k-1
1 1 ) )
AtynJrl + — Al Z AjYn—j = Z bg ]f[l](tnij}Infj) + Z bg ]f[2] (tnfjaynfj) T
Jj =0 j—71 ==
k—1
* Z b l]f[N 1] tn=i, yn—j) + ng]f[N] (tn—j7 yn—j)a
j=-1 =0
(14
where we assume that b[j]l, b[f]l, o b[ﬂ_l] £ 0.

Order

conditions

The order conditions for k-step IV "'E-LMMs can be derived similarly by substituting

the exact solution to into and expanding in Taylor series about ¢,, and analyzing
the resulting truncation error. An order-p method is obtained provided

k—1
1+ a; =0,
j=0
k-1 k-1 n k—1 N k—1 .
. 1 N—-1 N
1= jaj= > b = b =) b
j=1 j=—1 j=—1 j=0
1 N4 1N ] V-1 N N1 Nl
1 S N—-1 L [N-1 [N
5t 25 =b2— ) jbj Y 1 AR [
Jj=1 Jj=1 j=1 j=1
1 Z (ay, M Z G L A S X ) L M Z R
;= =...= =
pl = P -1 = -1 -1 = -1 = -
(45)
Theorem 3. For the k-step IN~'E-LMM , we have:
I If p <k, then the Np + 1 conditions of the system are linearly independent.
So there exist k-step IN~'E methods of order k.
II. The order of accuracy of a k-step IN "' E method is at most k.
III. The family of k-step IN~1E methods of order k has (N + k — 2) free parameters.
Proof. I. Because linear independence for p = k implies linear independence for p < k,
it is sufficient to prove the case p = k only.
The system can be represented in matrix form
WV =1,
where
V = ag, ... ap_1, 0" 00, el RN T VT I pINT pINT IV T

e RIVHDR+N-1
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IT.

and
U= [71, ceey—1k41,0, ... ,O(N_l)k}T € RNIC+1,

with the coefficient matrix defined as

AL, 0 0

B! '-DA O O
0,1, A -1 —-A

W= 0'0' 0 1 A -1 —-A

| |
0'0' 0
0,0, O 0 1 A -1 —-A

. 0'0' 0O 0 0 1 A -—-A

where A, D, H, and L are defined in 7, respectively, and 1 is a vector of
ones with size k.

Because the Vandermonde matrix A is nonsingular, it can be noted that columns
{1,k+2,...,2k+1,2k+3,...,4k+2,...,(N=-2)k+N—-1,...,(N-1)k+ N—-2,(N—
Dk+N,...,(N+1)k+ (N —1)} of the matrix W are linearly independent. Thus,
all (Np + 1) conditions are linearly independent and the system admits an
(N(p—k+1)+ (p—2))-parameter family of solutions provided that p < k. Because
columns k + 1,2k +2,...,(N — 1)k + (N — 1) of matrix W do not enter into the
proof, b[j]l, b[f]l, ceey b[jvl_l] can have any nonzero value. This property verifies that
the family of methods is IV ~'E-LMM.

Assume the IV ~'E-LMM method has accuracy O((At)¥*7), r > 1; then the fol-
lowing order conditions hold:

k-1 V1] k—1 N
b. - = b s

j=—1
V1] N g N=1] N (V]
b ) ()b = (=i,
j=1 j=1 (46)
V1] N k-1 N kg (V]
b*l + ( j) b_] - Z(_]) b]
j=1 j=1
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Let pj = bBN_l] - ng]; then the system can be written as
k—1
N-1
§=0

k—1
N— .
N+ S (s =0,
j=1

(47)
k—1
b D) =0,
j=1
Writing the system in matrix form yields,
11 1 .. 1 pN 1
10 -1 ... 1-k
. M.O = 03
Tk k
L0 (=1 =B L Lo J g
implying that b[i\:ffl] =0 and bg-N*l] = bB-N],j =1,2,...,k — 1, and contradicting

the assumption b[_Nfl] # 0. So the k-step IN"'E-LMM cannot achieve more than
order-k accuracy.

III. Consider the k-step IV "1E-LMM that achieves the highest order of accuracy. Then,

as shown above, the family of such method has exactly (N +k — 2) free parameters.
O

7.2. Extension to IEN 1

Consider a differential equation of the form (43). If an implicit method is applied to
f1(¢,y), while explicit methods are applied to £2(t,y), fB(t,y), ..., fI¥(¢,y), then the
k-step IEV ~1-LMM can be formulated as:

k—1 k—1 k—1
1 1
S Yn+1 T+ K E Aj¥n—j = E bgl]f[l] (tnfja Ynfj) + g bEQ]f[Q] (tnfjv Yn*j) +
Jj =0 j=0

At t ,
j=-1
k-1 k—1
+ 3BTRS BN,y ),
Jj=0 j=0

(48)
where we assume that b[j]l # 0 and bgl] # b?] # .. F# ng] for some j € {0,1,...,k—1}.

Order conditions
The order conditions for k-step IEN ~I-LMMs can be derived similarly to analysis of
ITE-LMM in section by expanding eq. in a Taylor series about ¢, and applying
eq. to the resulting truncation error. An order-p method is obtained provided
30



k—1
1+ZCLJ’:0,

§=0
k—1 k—1 [ ] k—1 [ ] k—1 [ ]
. 1 2 N
1—Z]aj:ij :ij :...:ij ’
j=1 j=-1 §=0 §=0
1 ¢ j° (1] S (1] - 2] — [N]
1 (1 (2 N
5 + ECL] = b—l — ]bJ Z']bj = Z]b_] ,
Jj=1 j=1 j=1 j=1
plo= P RN = (p—1)! = (p—1)! pa p—1)

It is not difficult to generalize Theorem [2] as follows.
Theorem 4. For the k-step IEN~'-LMM (@, we have:

I If p <k, then the Np + 1 conditions of the system (@) are linearly independent.
So there exist k-step IEN~'-LMMs of order k.

II. The order of accuracy of a k-step IEN~1-LMM is at most k.
III. The family of k-step IEN~'-LMM of order k has k free parameters.
Similar to the argument in section 4] one can generalize the following corollary.
Corollary 2. Any k-step IEN"1-LMM (N > 3) of order k reduces to an IMEX-LMM.

Proof. We use induction. The statement holds for N = 3 by Corollary [I] Next, we
assume that the statement holds for some N — 2. Now, an IEN~1-LMM is equivalent to
an IEN—2E-LMM, which by assumption reduces to an IEE-LMM, and consequently by
Corollary [1], it reduces to an IMEX-LMM. O

8. Conclusions

In this paper, new 3-additive linear multi-step methods are introduced based on
two different approaches: two implicit and one explicit discretizations (ITE-LMMs) and
one implicit and two explicit discretizations (IEE-LMMs). We systematically derive 3-
additive splitting methods up to fourth order and verify their convergence order. A
stability analysis is performed on a prototype scalar linear DRA equation, showing the
new methods give satisfactory stability results and in some cases are A- or Ag-stable. In
addition, the stability regions of the new 3-additive methods are compared with some
popular IMEX methods, and it is shown that the new methods have larger stability
regions in some cases. Results on maximal attainable order for a given number of steps
are provided, along with corresponding generalizations to N-additive splitting methods.
In particular, we show that the class of k-step, order-k (N-additive) IEN ~1-LMMs reduce
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to the class of (2-additive) IMEX methods. The performance of the 3-additive methods
is tested by comparing them with some popular IMEX methods on a stiff variation of the
standard Brusselator problem. The experiments show 3-additive splitting methods can
outperform comparable IMEX methods through the combination of improved stability,
improved computational expense per step, and no significant degradation in accuracy.
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Appendix A. Order Conditions

Table A.5: ITE-LMMs Order Conditions

k Order Conditions
14+ a0 = O7
1= b 4ol
k=1 (2] 2] IIE1 order conditions
1= b5 +0by,
1= b
1+ag+a = 0,

1-— al = b[f]l + b([)l] + b[ll],
1-— al = b[f]l + b([)z] + b[12],

k=2 1—a1 = b([)S] + b[13], ITIE2 order conditions
1+a = 2p!" — 2pl'],
1+a = 2% — 2%,
1+a = 2%,
1+ao+ar+as = 0,

1—ay—2as = b ol 4 plt 4 plt
1—ai—2as = b2 + ol + ol ol

1—ay —2as = bl 4 3y 3
1+ar+4a; = 26! — 2l — gplt
k=3 B (2] 2] 2] ITE3 order conditions
1+ a1 +4as = 207, — 2b;7 —4b; -,
1+ a1 +4ay = —2b — 4pl!,
1—a; —8az = 36 +3pt 4 125l
1—a; —8az = 3b% +3pl% + 1262
1—a; —8ay = 368 4 1265
1+ap+a1+az2+a3z= 0,
1—ay —2as —3az = b 4 b ptt 4 plH 4 plH
1—ar —2a2 —3az = b + bl 4 ol 4 bl 4 pl2,
1— a1 —2as — 3a3 = b bl 4 bl 4l
1+ a1 + 4as + 9a3 = 2ph — 2plM — 4l — 6pl1)
1+ a1 + 4as + 9a3 = 262 — 2pl — 4pl? — 6pl7
k=14 1+ a1 +4az +9as3 = —2b[13] — 4b[23] — 6bg3], ITE4 order conditions
1— a1 —8ay —27az =  3b!") + 3l 126" 4 2761
1—a1 —8ay —27az =  3bP) + 301 1260 4 2762,
1—a) —8ay — 27as = 36 4+ 1265 + 278,

1+ a1+ 16as +8las = 46", — apl" — 326" — 108p)),
1+ay + 16as 4+ 8lag = 4b% — 4351 — 32617 — 1087,
1+ a1 + 16as + 8las = —apt¥ — 32p11 — 108p.




Table A.6: IEE-LMMs Order Conditions

k Order Conditions
14+ao+a = 0,
1—ar= oM o+l
k=2 2] 2] IEE2 order conditions
1—a1 = bO =+ bl s
l—a = bl 4 P,
l4+ao+ai+a2= 0,
1—ay—2as = M bl ol 4 plH
1—a) —2as = b+ bl 4 bl
k=3 1—a1—2as = b([)s] + b[ls] + b[23], IEE3 order conditions
1+ar+4az = 261 —2pt" — 4pll),
1+ a1 +4as = —Qb[f] — 4b[22],
1+ a1 + 4az = —2b — bl
14+ao+a1+az2+as = 0,
1—a1 —2a2 —3az = b 4+ ol 4l 4 pf 4 ],
1— a1 —2a2 — 3a3 = Sy A
1— a1 —2a2 — 3a3 = b 4 bl 4 bl 4
1+ a1 +4a2 +9az = 26" — 26l —aplt! —6pl],
k=4 2] 2] 2] IEE4 order conditions
1+ a1 +4as + 9az = —2b1 —4b2 —6b3 s
1+ a1 + 4az + 9as = —2bl — apl — 6pl,
1— a1 —8as —27az = 3b") + 36l + 12611 + 278"
1—a) —8ay — 27as = 36l 4+ 12657 4 2787
1—a) —8ay — 27as = 368 4+ 1265 4 2787
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