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A CLASS OF IMPLICIT-EXPLICIT
TWO-STEP RUNGE-KUTTA METHODS *

EVGENIY ZHAROVSKY! AND ADRIAN SANDU #

Abstract. This work develops implicit-explicit time integrators based on two-step Runge-Kutta
methods. The class of schemes of interest is characterized by linear invariant preservation and high
stage orders. Theoretical consistency and stability analyses are performed to reveal the properties
of these methods. The new framework offers extreme flexibility in the construction of partitioned
integrators, since no coupling conditions are necessary. Moreover, the methods are not plagued by
severe order reduction, due to their high stage orders. Two practical schemes of orders four and six
are constructed, and are used to solve several test problems. Numerical results confirm the theoretical
findings.
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1. Introduction. Many science and engineering problems require numerical
simulations of multiphysics systems, i.e., systems driven by multiple simultaneous
physical processes evolving at different time scales. Processes can be categorized
according to their characteristic time scales into fast (stiff) and slow (non-stiff).

In this work are concerned with solving the following system of ordinary differ-
ential equations (ODEs)

v () =fly) +9(y), to<t<tr, ylto) =vo; y(t)eRY, (1.1)

where f and g represent the non-stiff and the stiff processes, respectively. Without loss
of generality, we skip the explicit dependence of f and g on the time argument. Prob-
lems of the form (1.1) often arise from the spatial discretization of partial differential
equations (PDEs) in the method of lines approach; in this case y is the semi-discrete
state. As an example consider advection-diffusion-reaction systems where the advec-
tion is slow while the diffusion and chemistry are typically fast [10, 26, 35]. Another
example is the semi-implicit time integration of PDEs, where g represents the linear
part of the discretized spatial operator, and f is its nonlinear part [8, 11, 24].

The best numerical solution strategy for a particular problem depends on its dy-
namics. For non-stiff processes explicit time discretizations are the most efficient, due
to their low cost per step. For stiff processes explicit methods require prohibitively
small time steps (limited by the fastest time scale in the system). In this case implicit
methods are more efficient as their step sizes are not limited by stability considera-
tions [13, 14]. The numerical solution of multiphysics systems (1.1) is challenging as
neither purely explicit nor purely implicit methods are completely satisfactory. Ex-
plicit methods have restricted time steps (due to g), while implicit methods require
the solution of (non)linear systems of equations that involve all the processes in the
model.

The implicit-explicit (IMEX) approach alleviates these difficulties by combining
an implicit scheme for the stiff component with an explicit scheme for the non-stiff
component. The pair is chosen such that the overall discretization of (1.1) has the
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desired stability and accuracy properties. IMEX linear multistep (LM) methods have
been proposed in [9, 16, 32] and IMEX Runge-Kutta (RK) schemes in [33, 2, 21,
34]. The orders of consistency of these methods is typically lower than five. High
order IMEX RK methods are difficult to construct due to the large number of order
conditions. IMEX LM methods have decreasing stability properties with increasing
order.

General linear (GL) methods [3, 4, 7, 15, 28] represent a natural generalization
of both RK and LM methods, as they use both internal stages and information from
previous solution steps. Two step Runge Kutta (TSRK) methods are a subclass
of general linear methods that uses the stage values from only one previous step
[1, 18, 23, 29]. The added flexibility of GL methods allows to design algorithms with
superior stability and accuracy properties. However, to the best of our knowledge,
the GL framework has not been previously employed to construct IMEX methods.

This work proposes a new family of implicit-explicit methods based on pairs of
TSRK schemes. The order conditions and the stability properties of the resulting
discretization are investigated. Two practical IMEX TSRK methods are constructed,
and are used in numerical tests to illustrate the theoretical findings.

The remainder of the paper is organized as follows. Section 2 introduces the par-
titioned two-step Runge Kutta methods, and order conditions are derived in Section
2.3. Implicit-explicit TSRK methods are proposed in Section 3, and their stability
properties are discussed in Section 4. Practical IMEX TRSK methods are constructed
in Section 5, and are used in numerical tests in Section 6. Conclusions are drawn in
Section 7.

2. Partitioned two-step Runge Kutta methods.

2.1. Two-step Runge Kutta (TSRK) methods. Consider the system of
ordinary differential equations (ODEs)

v =f), yt)=yo, to<t<tp. (2.1)

A TSRK method advances (2.1) from t,, to t,41 = t, + h as follows [17]:

Yz‘m =1 —w)yp-1+uiyp—2 (2.2a)
+h; (aisf (V) +0isr (V")) 0 i=1is,
Yn = (1 - ﬂ) Yn—1 + ﬂyn—Q (22b)

> (o3 (YI) gt (V)
j=1

The method (2.2) can be represented compactly by its tableau of coefficients [17]

ul A B
) 2.3
9| vl | wT (23)
where A = (a;j)1<ij<s, B = (bij)i<ij<s, 0 = (Wi)i<i<s, vV = (Vi)1<i<s, W =

(wi)1<i<s, and U is a scalar. In addition the abscissa vector ¢ = (¢;)1<i<s describes
the time points where stage approximations are computed.
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The TSRK method (2.2) has stage order g [18] if the stage vectors Yj[”] are order
g approximations of the exact solution at ¢,,—1 + c;jh

Y = yltacs +esh) + O, b0, j=1,...s

According to [18, 17], the necessary and sufficient condition for (2.2) to have stage
order q is:
¢ (=1 Ac”™!  B(c—e)’!

S uj(u—l)!i w1 =0, v=1,...,q, (2.4)

where e = [1,...,1]T € R* and the power operator is applied component-wise. Note
that the stage consistency condition (v = 1) determines the value of the abscissa
vector,

c=(A+B)e—u. (2.5)

The TSRK method (2.2) has order p [17, 18] if the final approximation y,, to
the solution y(tr) is of (global) order p, that is

Ynp = y(tr) + O(RP), h—0.

Consider a TSRK method (2.2) with stage order ¢ > p — 1. If the coefficients satisfy
the additional conditions

1 (_1)V vTcl/—l WT(C _ e)y—l
v 19_(”71)!_ (v—1)!

then the method has order p [18, 17].

2.2. Partitioned TSRK methods. We consider the partitioned system of
ODEs

vy ] iy () N 0
y=1: | = : Z f{k} = f(y) (2.7)
YNy fivy(y)]  *=t

with scalar quantities y(1y,...,y(n}. The ideas presented in this section, as well as
the mathematical proofs, hold equally well for systems (2.7) partitioned in subvec-
tors. Since the subvector partitioning complicates the notation without bringing any
additional insight, we consider the case (2.7) where all components are scalar.

Each of the N ODEs for yi K} is integrated using a different TSRK method

u{k}\ RG. \ Bl

k=1
98 | ()" | (it

...,N. (2.8)

The coefficients of the methods (2.8) have to be coordinated such that the overall
discretization of (2.7) has the desired accuracy and stability.

We focus on families of methods (2.8) that have several particular characteristics
which make them suitable for the integration of PDEs, discretized in the method of
lines.



Preservation of linear invariants. Preservation of linear invariants is an essential
property for the integration of conservation laws [5, 6, 27]. For example, the numerical
solution of the advection equation conserves the total mass of the system (to roundoff
accuracy) if the space discretization is flux conservative, and the time discretization
preserves linear invariants.

The family of TSRK methods(2.8) conserves linear invariants of the system if
all the weights are equal to each other. Therefore of particular interest are methods
which share the same theta

v =y, k=1,...,N, (2.9)

and the same weight vectors
vitbl=yv, wltt=w. k=1,...,N. (2.10)

To be specific, consider a linear invariant of the ODE system (2.7)

N

Zﬂ{k} fiay) =0, Vy = Zu{k} Y(xy(t) = C = constant, Vt.
k=1 k=1

Assume that all the previous numerical solutions preserve this invariant

N

Zﬂ{k}y{k},zzc7 £=0,....n—1.
k=1

We want the method (2.2) to produce a next step solution y,, that also preserves the
invariant. From (2.2b), (2.9), and (2.10) it follows that

N N N

Zu{k} Yy = (1 =1) Zu{k} Y(kyn—1 + 9 Zu{k} Y{k}n—2

+hZ v Z iy foy (VoY)
Jj=1

+hz wazu{k} f{k}( (11 7...,y{[]’g}})
j=
—C.

Note that due to the theta consistency (2.9) and linear conservation condition (2.10)
the summations in j and & commute, and the linear invariant condition holds for the
next step solution as well.

Internal consistency. We consider the case where that all individual methods
(2.8) are stage consistent (2.5). Each method (2.8) computes stage values v that

{k}
approximate the exact solution components ¥y (tn + ctk} h) at abscissas cthl =
(At} - B{k}) e — ulk}. For internal consistency it is desirable that the stage vectors

Y{[ "l for all components k approximate the exact solution at the same time moment,

tn + c,h for all k. Consequently, we focus on stage consistent methods which satisfy
the simplifying assumption

uttt =u, k=1,....N, (2.11)



and for which the abscissae of all N TSRK methods are equal
(A{k}+B{k})-e:c+u, k=1,....N. (2.12)

The class of methods under consideration. The class of partitioned TSRK meth-
ods under consideration enjoys the properties of theta-consistency (2.9), u-consistency
(2.11) linear conservation (2.10), and stage consistency (2.12). This class is charac-
terized by the tableaux

u| A | BH

ﬁ‘vT‘wT

., k=1,...,N. (2.13)
Partitioned methods in this family are written explicitly as follows:
Y{[ﬂ = (1= W) Yry,n-1 + Wi Y{r} n—2 (2.14a)

+h Z a{k}f{k} (Y{[ﬂ FERER 7Y{[]Ttl]},j)

+hzl b o ( {l}jh...,y{[]’g}})
=
Yern = (1 =) Yy -1 + P Yiryn—2 (2.14b)
+hz v ik} ( (g0 ,Y{[Z]}J)
ThY wif (v i)
b—1.N.

{1337 " {N}j
with £ = n —1 or £ = n. Due to the stage consistency property (2.12), all inter-

Note that each f and g function call in (2.14) uses the arguments <Y[ ] vl

mediate vectors approximate the solution at the same time, Y{[ﬂJ ~ Yy (te + csh),

and therefore the entire argument vector is a consistent approximation of the solution
y(te + cjh).

2.3. Order conditions for partitioned TSRK methods. The main theorem
below discusses the order conditions for our class of partitioned TSRK (PTSRK)
methods.

THEOREM 2.1. Consider the class (2.13) of partitioned TSRK methods which
satisfy the internal stage consistency condition (2.12). If

e cach individual method is zero stable,

e the starting values are of order p,

e cach individual method is of order p,

e cach indiwidual method has stage order ¢ > p —1,
then the numerical solution converges with order p,

Yn — Y(tn) = O(KP), Vn.

We note that no additional “coupling” conditions are needed.
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Proof. Following the approach of [17, 18] we define

0 I, O 0 0O 0 0O
- 0 0 u e—u B A 0 O
A=A®Iy = 0 0 0 1 Iy, B= 0 0 0 ol (2.15)
0 0 v 1-9 w v 0 O
with Iy being the N-dimensional identity matrix, e = [1,...,1]T,
v=vI®ly, w=w! @Iy, (2.16)
and
AL 0 B} 0
A= , B= (2.17)
0 AN} 0 B{N}
We also define the vectors
[n] 7 [n] [n]
Y Foy (V- V)
vil= o (v = z 7
Y[”] F Y[n] Y[n]
{N} IV \ Py vy
[n] [n] [n]
Y{k},l firy (Y{l},l’ e 7Y{N},1)
[n] _ - [n] [n] \ _ .
Y{k} - [:] » Firy (Y{1}7 e 7Y{N}) - : J
n [n] [n]
Yiky s firy (Y{l},s’ e aY{N},s>
fork=1,...,N, and
0 yln=1l F (Y1)
7 vyl 7 ylnl F(Z.) F (Y[n])
- ) n = b n b n =
Y w Yn-1 f (yn-1)
Y1 Yn S (yn)
The PTSRK method (2.14) can be written as an A-method [17]
Zyp=AZn1+hBF(Z,) . (2.18)

Similarly, the following vector notations are used for the exact solution

Yk} (tn1 + c1h)
y{k}(tn—l + Ch) = )
y{k}(tnfl + Csh)

Y1y (tn—1 +ch)
Y(tn—1 +ch) = )
y{N}(tnfl + Ch)

f{k} (y(tn—1 +c1h))
Fpy (y(tn—1 +ch)) = : )

f{k} (y(tn—l + Csh))
6



Fiy (y(tn—1 +ch))
F (y(tn—1+ch)) = : )
Finy (y(tn-1 +ch))

as well as
0 Y(tn—2 +ch) F(y(tn—z2 + ch))
_ |ylto +ch) _ |yltn—1 +ch) _ | Fy(tn—1 +ch))
=) | AW [ FEED = Ry, )
y(tl) y(tn) F(y(tn))

The local discretization error hd(t,) is the residual obtained when the numerical
approximation Z, is replaced by the exact solution z(t,) in (2.18)

2(tn) = Az(tn_1) + hBF (2(t,)) + hd(tn). (2.19)

We partition hd into stage residuals, and full step residuals, as follows:

d%%ge (tﬂ)
hd(tn) = h | Stnge ()
dsgep(tn)
déte)p(tn)
Each residual has components for each of the two steps used by the TSRK method,
d),. € REM and @), € RN for 7 = 1,2. Using (2.16),(2.17), (2.18), and (2.19),
we arrive at the following expressions for the different components of the residual:

hd;)

stage(tn) = Y(tn—2 +ch) —y(t, 2 +ch) =0,

hd e (tn) = y(ta—1 + ch) — (e — 1) @ Iny(tn—1) — 0 ® Iny(t,_»)
— hAF(y(tn—1 +ch)) — hBF (y(tn—1 + (c — e)h)),

hd$Q(tn) = Y(ta—1) = y(tn—1) = O,

R (tn) = y(ta) — (1= 0) yl(ta—1) — Iy(ta—2)
— hvF(y(tn—1 +ch)) — hwF (y(tn—1 + (c — €)h)).

Expanding the above expressions in Taylor series about ¢,,_; leads to

e Ol yg)}(t”*)
hd(e(tn) = : ,
D1 Ofns b y%} (tn-1)
(%01 C5P Y y () (1)
hd) (1) = : :
Yot C5P Ry, (b )

where the coefficients C?%gi and C5'°P are given by

cV (_1)1/ A{k}cv—l B{k}(c _ e)l/—l

stage _= 29
Oy v v! Y (v —1)! -1 7 (2.20)
, 1 (=1 vlicr=t  wl(c—e)’!
step _ = _ _ _
G V! V! v (v—1)! (v—1)! (2.21)
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We note that that the differentials y { k} can be expressed using the P-series formalism
[13] to allow for a general analysis of order conditions. However, as we will require
high stage order, there is no need for this in our case.

The global error in the solution after np steps is due to the accumulation of local
discretization errors (2.19). To analyze the error propagation we subtract the discrete
method (2.18) from its continuous analogue (2.19). This leads to the linear error
recurrence relation

d(tn) = Aq(tn—1) + hBr(t,) + hd(t,), n=2,...,np, (2.22a)
q%t;%ge(tl) 0
Qsta, e(tl) y(to + Ch) - Y[l]
) = | Gstas _ , 2.22b
qa(t1) (1) (t) y(to) — yo ( )
alily(t1) y(t) = w

where

L -
Altage (tn) Y(tn_o + ch) — Y1l
_yln]
q(tn) = qs(tf‘ge(t") _ y(tn;l + Cﬁ) Y . n>2,
qstep(tn) y( n—l) Yn—1

and

rggge(tn) [F (y(tn—2 + ch)) — F (YIn—1)

_ | F(y(tn—1+ch))—F (Y
rstep(tn) F(y(tnfl)) _F(ynfl) ’
r? (t,) i F(y(tn) = F (yn)

The solution to (2.22a) reads

n>2.

n—1

a(t,) = A" Lq(ty) +hZA" hd(teg) Y AT Br(teg). (2.23)

{=1 =1

It is shown in [18] that when the method (2.18) is zero-stable (i.e., when —1 < 9 < 1)
the matrices A*, p > 2, take the form

00 (1) (1)

N

0 0 o ot

Au _ 2,1 2,2 ® IN,
0 0 i s
00 2”1 2“2

with uniformly bounded a( ;. and 6(” ), 1,7 = 1,2. Following the arguments presented
in [17, Section 5.2] one obtains the global error of the method after n steps as

a5l (tn) =hwrlel(tn1) + hveS) o (t)

stage stage

(L — Ol (tao1) + h(1 — D) wrli) (tn_s) (2.24)
+h z B0 (wrldlyete) + Ve (tesn) ) + O7)
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under the assumptions that the starting values are approximations of order p, that is

1 2
iy (h) = O(W7), agey () = O(h?)
and that the method has order of consistency p, that is

al) () = O(h?)

as h — 0. The last assumption is equivalent to C5'P = 0,v = 1,...,p. If we ad-
ditionally assume that the stages of all N methods are of order ¢ > p — 1, that is
CH3% = 0,u =1,..,p — 1, we obtain g0, (tn) = O(he+1) = O(h?),h — 0.
Summarizing, if the method is zero stable, the starting values are of order p, the
local consistency error of the method is of order p and the stages of all TSRK schemes
employed are at least of order p — 1, then the numerical solution converges with order
p (i-e. Ynp —Y(tn,) = O(RP)). We want to note that no additional coupling conditions
need to be satisfied in this case.
The result extends directly to systems of equations.
|

3. Implicit-explicit TSRK methods. We now consider IMEX TSRK meth-
ods, where the additive partitioning uses two parts (N = 2). We denote the method
coefficients by

A=A, A=A BWU=B, BZ=B,

where A, B describe an explicit TSRK method, while A B are the coefficients of an
implicit TSRK method. Moreover, A is consider lower triangular, with Al 4 =y for
all stagesi=1,...,s.

The IMEX TSRK method reads:

Y;[n] - (1 - ui) Yn—1 +u; Yn—2 (313.)

+hZa”f( ’L)+th,Jf<y[n 1)
+hZamg<Y[ ]) —i—h’yg(Y[ ]) —|—h2b’jg(y[” 1]) 7

j=1 j=1
yn:(l_ﬁ)yn 1+ Yn—2 (31b)

+hZ(vJ (f+9) (V) 4wy (£ 9 (vY))

4. Stability aspects. For TSRK methods (2.3) the stability matrix takes the
form
1—9+2viS(z)(e—u) 9+2zviS(z)u wl + 2vT'S(2)B
M(z) = 1 0 0 . (40)
2S(z)(e —u) 2S(z)u 2S(2)B

with S(2) = (I, — 2zA) ™! (see [17, p.95]). The method is linearly stable if the spectral
radius of the stability matrix (4.1) is smaller than or equal to one. The stability region
of the method is defined as

S={zeC : p(M(z) <1} .
9



4.1. Linear stability of the partitioned method. To asses the stability of the
combined IMEX method, i.e., to see how the stability properties of the two methods
combine when used in tandem, we apply the method to the linear scalar ODE

Yy =Cy+ny, {where f(y)=Cy, g(y)=ny}. (4.2)

We denote the non-stiff and the stiff complex variables by z = h({ and x = hmn,
respectively. The method (3.1) applied to the scalar test equation (4.2) gives

yl = (e—w)ypn—1+uyn—o+ (zA —1—3:;;) ylr 4 (ZB + xﬁ) y =1
Yn =1 =N Y1 4+9Yno+ (z+z)vI Y 4 (z4z)wl Y=l

Solving this equation leads to

Yn Yn—1
Yn—1 = M({E, Z) : Yn—2
yn] yln—1]
with
M171($,Z) MLQ(QL‘,Z) M173($,Z)
M([L’, Z) - 1 0 015 R ) (43)
S(z,z)(e—u) S(z,z)u S(z,2) (zB+:rB)
where

Theoretical results about the spectral radius of the matrix (4.3) are difficult to
obtain. Instead, the joint stability is analyzed numerically as follows. Define a de-
sired stiff stability region & C C, for example S, = {x € C~ : |imag(x)| <
tan(a) |real(x)|} for A(«)-stability, and compute numerically the corresponding non-
stiff stability region:

No={2€C : p(M(x,2)) <1, Vxe8,}. (4.4)

If the non-stiff stability regions are not degenerate for S corresponding to A(«)-
stability, e.g., a € {45°,75°,90°}, then the IMEX combined stability is considered
acceptable.

4.2. Prothero-Robinson convergence. We now study the possible order re-
duction for very stiff systems. We consider the Prothero-Robinson (PR) [22] test
problem written as a split system (1.1)

Y =ply—o)+¢'(t), n<0, y0)=¢0), (4.5)
9(y) \f\(;)/
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where the exact solution is y(t) = ¢(t). A numerical method is said to be PR-
convergent with order p if its application to (4.5) gives a solution whose the global
error decreases as O(h?) for h — 0 and hy — —oo.

THEOREM 4.1. Consider the IMEX TSRK method (3.1) of order p, stage order q
for the explicit part, and stage order q for the implicit part. Assume that the implicit
part is linearly stable, and that the spectral radius of the implicit stability matrix (4.3)
s bounded uniformly in an infinite region of the complex plane

p (ﬁ(z)) <po<l, Vz: real(z) <z <0, |imag(z)] <arel(z), a>0.

Then the IMEX method (3.1) is PR-convergent with order min(p, q).

In particular if the explicit stage order is ¢ = p, then the PR order of convergence
is p. It is convenient to construct IMEX TSRK methods (3.1) with explicit stage
order ¢ = p, even if ¢ = p — 1, as such methods do not suffer from order reduction on
the PR problem.

Proof. Let
" = ¢ty +ch) = [B(tn_1 +c1h)y. .., G(tnr +csh)] .
The method (3.1) applied to (4.5) reads:
Y = (e —u) yo1 +uyn_o (4.6a)
+h A ¢+ hB g

+hp A (Y0 — gl 4 hpB (Yol i)

Yn = (1 - 19) Yn—1 + I Yn_2 (46b)
+th ¢I[n] +hWT ¢/[n71]

thuvT (y[n] _ ¢[n}) +huwT (y["—l] _ ¢[n—11) )
Consider the global errors
en = Yn — H(tn) , E =yl _ gl
Write the stage equation (4.6a) in terms of the exact solution and global errors

EM = ¢ty 14+ch)+(e—u) ¢(ty_1) +ud(tn_2)
+(e—u)e,—1+ue, o
“rhA(ﬁ/ (th—1 + Ch) + hB(ﬁ/ (th—o + Ch)
+huAEM 4 hpuBEMY

to obtain

(I - hui) EM = (e—u)en 1 +uen s+ hpBEMY (4.7)

- ((b (tn—l + Ch) - e¢(tn—l)) +u (¢(tn—2) - ¢(tn—1))
+hA¢ (t,—1+ch)+hB¢ (t,_o+ch).
11



The exact solution is expanded in Taylor series about ¢, _1:

. hkck

¢ (tno1 +eh) —ed(tn) = D =" (tas),
k=1
0 -1 khk
8 (1) — 0ltar) = 3 500, ),
k=1
e khkck—1
h/ (tn-1+eh) =3 ——r—0"(tn-),
k=1
[ee]
khk(c —e)*~1
’ _ (k)
h¢ (tn—2 + Ch) - ; A (b (tn—l) .
Inserting the above Taylor expansions in (4.7) leads to
(I — huA\) EM = (e—u) e, 1 +ue,—o+ hu]/?;E["*l]
+) (~F+ (-DFut+ kAT kB (e — o)) oM (t,1)

k!
k=1

=(e—u)e,_1tue,_o+ huﬁE["fl] + 0 (thrl)

where g is the stage order of the explicit method. The last equality follows from the
stage order conditions (2.4). Let z = hu. We have:

EM =8(2) (e—u) ep1 +S(2)ue,_o+2S(z) BEMU 4 O (A7) | (4.8)
S()= (1~ zK)A .
From (4.8) it follows that
2vT EM = 2vTS8(2) (e—u) en_1 +2vTS(2) ue,_s (4.9)
+22vTS(z) BE" 1 4+ 0 (R9t1) .

Note that h and hu are allowed to vary independently, and therefore the order of the
asymptotic term does not change upon multiplication by z = hpu.

Similarly, write the solution equation (4.6b) in terms of the exact solution and
global errors:

en = —0(tn) + (1 = 0) ¢(tn—1) + 9 d(tn—2)
+(1 =YV ep_1+Ven_2
+hvl ¢ (ty_1+ch)+hw! ¢ (t,_o+ch)
+huvt EM 4 hpw? Bt

After rearranging the expression, and expanding the exact solution in Taylor series
about t,,_1, we obtain

en=(01—-9)e, 1 +0ep o+huv’ EM 4 hpw! g1
A (14 (0P RV T+ kwT (e —e)f ) ng;(k)(tn_l)
k=1

=1 - en1+Ven2+hpv BN+ hpw? BP0 (RPTY) 0 (4.10)
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The last equality follows from the order conditions (2.6).
The following error recurrence is obtained by combining (4.8), (4.9), and (4.10)

€n . €n—1 .
ent | =Mhp)- | ens | +O (Rt (4.11)
B Eln—1]

Assume a one-step, order p method is used to initialize both the step and the stage
solutions of the TSRK method [17, Section 6.2]. The error starting values are ey = 0,
e1 = O(hP), and BN = O(hP). The error amplification matrix

1-9+2vTS(z) (e—u) 9+2vIS()u 2 (wT+sz§(z)f3)
M(z) = 1 0 0 )
S(z) (e —u) S(z)u z8(z)B

is similar to the the stability function (4.3) of the implicit method for any finite nonzero
z, M(z) ~ ﬁ(z) Therefore its spectral radius is uniformly bounded below one for all
z = hy of interest. By standard numerical ODE arguments [13] the equation (4.11)
implies convergence of global errors to zero at a rate |, || = O (A™n®9). 0

5. Construction of practical IMEX TRSK methods. In this section we
construct practical implicit-explicit TSRK schemes with order p = s + 1 and stage
order ¢ = ¢ = s. The relatively large number of stages is necessary to be able to
enforce the desired stability properties.

To construct an IMEX pair, we first choose an implicit TSRK method with appro-
priate stability properties (e.g., A or L-stability). The free parameters of the explicit
method are the entries of the A matrix. The coefficients B of the nonstiff method
result from the explicit stage order conditions (2.20) and the internal consistency
conditions (2.12). The A coefficients are computed using a numerical optimization
procedure related to [23], with the aim to obtain an explicit stability region that
contains the longest possible interval along the imaginary axis. An alternative strat-
egy, not reported here, is to optimize for including the largest half ellipse with the
semi-axis overlapping the imaginary axis. The optimization process is done in two
steps. First, we explore the parameter space by means of a genetic algorithm [12].
The best member of this process is then taken as the starting point for the MAT-
LAB fminsearch routine, which locally refines the solution and provides a sufficient
number of accurate digits.

5.1. A fourth order, three stage IMEX pair. This method is characterized
by s =3, p =4, and ¢ = 3. The implicit part is taken from [1] and is L-stable. Our
optimization yields the coefficients A. All method coefficients c,u, B, ./A&, f’,, ¥, v, and
w are given in Appendix A for completeness.

The region of stability for this explicit method is shown in Fig. 5.1(a),(b). The
regions of combined stability for different choices of the stiff stability region S are
smaller than the unconstrained stability region, but are nontrivial and include a part
of the imaginary axis.

5.2. A sixth order, five stage IMEX pair. This method is characterized by
s =5, p =6, and ¢ = 5. The implicit part is again taken from [1] and is L-stable.
The coefficients A are obtained by numerical optimization. All method coefficients
c,u,A;B, A B,9, v, and w are given in Appendix B for completeness.
13



The region of stability for this method is shown in Fig. 5.1(c),(d). Note that the
regions of combined stability for different choices of the stiff stability region S are
smaller than the unconstrained stability region but are nontrivial and include a part
of the imaginary axis.
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(a) The fourth order method. Unconstrained ex- (b) The fourth order method.  Constrained

plicit stability region. explicit stability regions N, for or a €
{45°,75°,90°}.
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(c) The sixth order method. Unconstrained ex- (d) The sixth order method. Constrained explicit
plicit stability region. stability regions Nn for a € {45°,75°,90°}.

Fic. 5.1. (a),(c) Stability regions for the explicit parts of the proposed IMEX-TSRK
methods. (b),(d) The explicit stability regions Nu in (4.4) are constrained by the A(a) sta-
bility of the implicit part. The explicit stability regions No shown here correspond to a = 45°
(outer contours), o = 75° (middle contours), and oo = 90° (inner contours).

6. Numerical tests. We now illustrate the convergence properties of the pro-
posed IMEX TSRK schemes with the help of several test problems. For each of the
test cases below a reference solution was computed with MATLAB’s ode15s routine
with the very tight tolerances atol = rtol = 2.22045 - 10~'4. All numerical errors are
measured at the final simulation times against the corresponding reference solutions.
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6.1. Advection-reaction system. This test case is borrowed from [16] and is
described by the following PDE system:

o, H Y {O‘ly_ + h]jl _k]jJ : m + [51] . (o) el0,1] x[0,1], (6.1)

oz z S92

=B [ =B =T o)

and with the following initial and boundary values

with parameters

y(x,0) =1+ sox, 2z(z,0)= %y(az,@) + kiSQ, y(0,t) =1 —sin(12t)*.  (6.3)
2 2
The space discretization is done with fourth oder finite differences in the interior and
third order upwind biased finite differences at the borders of the spatial domain. The
space grid consists of 400 uniformly distributed nodes. We treat the nonstiff advection
term explicitly, and the stiff reaction term implicitly.

Several IMEX TSRK solutions are computed with different fixed time steps. They
are compared against MATLAB’s reference solution at the final time. The error
maximum-norms are plotted against the time step in Fig. 6.1. We see that the
solutions of both schemes display the theoretical convergence orders. Moreover, for
equal time step sizes h, the sixth order scheme yields substantially smaller errors
than the fourth order scheme. In summary, for the linear advection reaction test,
both IMEX schemes behave as predicted by theory.

0 (hg -—-
§ =3 —8—
107 O(r) -~ -
§=5H —A—
10°
:8 107
g 107
R
—
2 0
o
[5)
10°
107 /
/
/
~11
10 : :
10° 10*

FiGc. 6.1. Convergence of the proposed IMEX-TSRK schemes (s = 3 and s = 5) for the
advection-diffusion test case. The solution errors (measured at the final time in mazimum norm)
are plotted against the simulation time step h.

6.2. Van der Pol equation. The first non-linear test is the van der Pol equation

% [ﬂ — F,2) + 9y, 2) = m 4 [((1 _yQ?Z_ Jyel - 0 E<0550. (64)
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with parameter values taken from [2]

2 10 202 , 1814

3 81° " amgrt  Toeest T (65)

We integrate equation (6.4) with the IMEX TSRK methods with different fixed
step sizes. The results at the final time are compared against the MATLAB reference
solution. The errors in maximum-norm are plotted against step sizes in Fig. 6.2. The
p = 4 scheme displays a convergence order close to four. The p = 6 scheme displays an
effective order of 5.41. This result is in agreement with the order reduction predicted
by Theorem 4.1, since the stage order of the explicit part is ¢ = 5. In general both
schemes show satisfactory convergence behavior.

For comparison purposes we consider the IMEX Additive Runge-Kutta (ARK)
scheme [19] with s = 8 stages and order p = 5. The results are shown in Fig. 6.3.
While in the non-stiff case (¢ = 107!) the scheme displays the expected fifth order,
in the stiff case (e = 1075) the effective order of the scheme is one. The IMEX ARK
method uses more right hand side evaluations per step (eight) than the IMEX TSRK
methods (three and five, respectively), and also suffers from severe order reduction.
This test case illustrates the benefit of the proposed IMEX TSRK schemes.

107° F 3
o (/ﬂ} - -
§=3 —8—
O(h,(‘ R
6 | §=0 —A— ]
10 o) - - -
g 107 ¢ E
-8
R ]
-
Q
—
=
O 10 ¢ 4
107 E
‘ ‘ ‘
10 10% 10”"

F1G. 6.2. Convergence of the proposed IMEX-TSRK schemes for the stiff van der Pol equation
6.4 with ¢ = 1075, The solution errors (measured at the final time in mazimum norm) are plotted
against the stmulation time step h.

6.3. Shallow water equations. Semi-implicit time integration has become
popular in the numerical weather and climate prediction communities, e.g., as an
effective way to treat gravity waves. Semi-implicit integration uses an IMEX scheme,
with the implicit method applied to the linearized right hand side operator, and the
explicit method to the remaining nonlinear part. This approach goes back to [25].

In this test we solve the two dimensional shallow water equations using a semi-
implicit integration approach. The discretization is based on the proposed IMEX
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error in ||.||so
5

h

F1G. 6.3. Convergence of the ARK scheme for the van der Pol equation 6.4. In case non-stiff
case (e = 10’1) the integrator shows the expected order five behavior. However in the stiff case
(e = 1075) the integrator shows order reduction with an effective order of about 1.5. The solution
errors (measured at the final time in mazimum norm) are plotted against the simulation time step
h.

TSRK methods. The shallow water system under consideration is
O H = —0,(uH) — 0y(vH)
1
Oy (uH) = =0, (u*H + 5 gH?) — 9y (uvH) (6.6)

1
O(wH) = =0, (wvH) — 0, (v H + 59H2)
on the unit square domain (z,y) € [0,1] x [0,1]. Here H is the fluid height, and u
and v are the flow velocity components. The initial conditions at ¢ty = 0 are

u(to,x,y) = 07 ’U(t(),iﬂ,y) = 07 H(to,!L‘,y) =1+ exp(—||(x,y) - (Cl,CQ)Hg), (67)

where the Gaussian height profile is described by ¢; = 1/3 and ¢3 = 2/3. Furthermore,
the local gravity constant is g = 9.81 [m/sec?]. Reflective boundary conditions are
used. The initial condition produces traveling waves that suffer multiple reflections
at the boundaries.

This test follows the shallow water example in [20]. A second order finite difference
scheme is used for space discretization. The resulting semi-discrete ODE system is

d
EU(t) = Fswe (U(Y)) , (6.8)

where U(t) is the discrete counterpart of the vector of unknowns (H, Hu, Hv). Let
Jswe = dFyswe/dU be the Jacobian of the discretized shallow water operator. We split
the right hand side of equation (6.8) into a stiff part

g(U®) = Jowe (U(?)) - U(t), (6.9)
and a non-stiff part

FU() = Fawe(U(t)) =g (U(2)) - (6.10)
17



Here g is a non-linear function in U(t). The numerical solution of the implicit part of
the method uses a simplified Newton iteration that requires only a single factorization
of I — hAJswe(Uy) per step. Here U, is the numerical approximation to U(t,). Note
that a semi-implicit approach can be obtained similarly by choosing a linear stiff part,
i.e., a splitting of the form g(U) = Jswe (Un) - (U(t) — U,) on each step t € [t,, tni1]-

We integrate the system from ¢y = 0 to ¢tz = 10 [seconds]. The final time solutions
obtained with the IMEX TSRK schemes are compared against the Matlab reference
solution. The error max-norms are plotted against the time step size in Fig. 6.4.
Both schemes behave as expected, and display the theoretical orders of convergence.

error in ||.||eo

Fic. 6.4. Convergence of the proposed IMEX-TSRK schemes for the shallow water equations.
The solution errors (measured at the final time in mazimum norm) are plotted against the simulation
time step h.

7. Conclusions. This paper develops a new family of implicit-explicit time in-
tegrators based on pairs of two-step Runge-Kutta methods. The class of schemes of
interest is characterized by stage consistency (same abscissae) and linear invariant
preservation (same weights). The study of order conditions for partitioned TSRK
methods reveals that, in case of high stage orders, no additional coupling conditions
need to be satisfied. Therefore this framework offers extreme flexibility in pairing
implicit and explicit methods. We construct two practical IMEX TSRK methods, of
orders four and six, respectively. In both cases the implicit parts are L-stable and
taken from the literature. The corresponding explicit parts have been constructed
such as to maximize their stability properties; their coefficients where found via a
numerical optimization approach. A convergence analysis for the Prothero-Robinson
problem shows that the effective order of IMEX schemes in case of stiffness equals
the stage order of the explicit part; a slight order reduction (from p to ¢ =p — 1) is
expected in the general case, but can be avoided in principle by using explicit methods
with ¢ = p.

Numerical examples include an advection diffusion system, the Van der Pol equa-
tion, and a semi-implicit integration of shallow water equations. On all tests the
methods perform as predicted by the theory. In particular, the proposed schemes
perform much better on the van der Pol test than an existing IMEX Runge Kutta
method; the latter suffers from severe order reduction.
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The new framework allows to obtain IMEX schemes of order p and stage order p—1
using only s = p— 1 stages. For p > 4 this is an advantage over existing IMEX Runge-
Kutta schemes. The proposed framework offers extreme flexibility in the construction
of new partitioned methods, since no coupling conditions are necessary. This approach
has the potential to increase the computational efficiency of multiphysics simulations
where different physical phenomena need different numerical treatments.
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Appendix A. Coefficients of the fourth order IMEX TSRK method.

c= [—0.19320190561126 —0.58689424506961 1.08752332811466]T
u= [0.45705571481934 1.05195992030028 0.15144080311463]T

i 0 0 0
A =10.130476793083096 0 0

1 1.649241112842109  1.814778592781876 0

[ 0.39936246636454 —0.16633596050061  0.03082730334415
B =| 0.51702376261274 —0.18175387306707 —0.00068100739809
| —5.84960861008381  3.22359516594067  0.40095792975345

~ 0.5 0 0 (A1)
A = | 0.55515820921130 0.5 0
| —0.27897090290997  2.32682280748097 0.5
[ 0.01138595046334  0.04659103146040 —0.29412317271565
B = | —0.48120318880262 0.30924798197004 —0.41804732714804
| —2.38622282079758  0.99017411095761  0.08716093649826
9 =0
v = [—0.70240474564317  2.11852316846112 0.39319598421807]
w = [~2.07554769770216 0.84049470544433 0.42573858522182] "
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Appendix B. Coefficients of the sixth order IMEX TSRK method.

c= [—0.40455452705961 —0.26488149320550 0.05730060498812 0.35370097422467 0.48881518147020]T

u= [0.0002157372318872 0.0001354655498456 0.0000469196256648 0.0000256681792066 0.0000230139042425]T
i 0 0 0 0 0
—0.411067755933170 0 0 0 0

A = | —2.184767292491065  0.988337848532673 0 0 0
—1.933520824847556 —0.039861058310592 0.757541697266156 0 0

| —0.605970379043349  —1.561665570720364 1.243988457457954  0.094790995264783 0

[—1.28995988436797 3.01509152040882 —4.63540469340360 7.43932768849976 —4.93339342096474
—1.07127144661267 2.48892090515797 —3.73103986608896 5.53336809422864 —3.07365595840746
B = | —0.24158168198390 0.58513684309224 —0.97567738262348 1.29786646201535  0.58803272807197
—0.67042428681047 1.66052413771998 —2.85719727361944 4.08269477244835 —0.64603052144256
| —1.51656343997187  3.67738907820218 —5.98650039451221  8.41545308430861 —3.27208363610734

0.5 0 0 0 0

| -0.21971694115244 0.5 0 0 0
A = | 0.34677391973940  —0.87844580948604 0.5 0 0

0.06601787269656  —1.14976271542161  —0.08264051407691 0.5 0

| —1.69420405359670  0.16618320114019  —0.74229361529808  0.20048354140037 0.5

[ 1.42651400380231  3.34568800074286  —5.21803000182508  8.75340345119152  —6.35888623613472
| ~1.85213037155704  4.34496259959515  —6.76681774290671  11.10081457512045 —7.37185814675508
B — | —4.26388543763339  9.73682010462664 —13.73465558507126 18.20003094666633  —9.93929061422790

—10.19622755259608 22.71041154118940 —29.47781369898124  33.88465664359473 —15.90091493400099

| —16.69367618197397  36.82959193421020 —46.44024346854481  51.34375399377619  —22.98075715573894
9 =0
v = [1.38310762038221 —1.20955981252655 0.11281066473162 —1.91985715272309 2.64595762329489]

w:[f4.70654020323220 10.88079796245341 —15.26460646566261 18.34573036115907 —9.26784059787675]T



