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Abstract

Recently, a stability theory has been developed to study the linear stability of modified
Patankar—-Runge—Kutta (MPRK) schemes. This stability theory provides sufficient
conditions for a fixed point of an MPRK scheme to be stable as well as for the conver-
gence of an MPRK scheme towards the steady state of the corresponding initial value
problem, whereas the main assumption is that the initial value is sufficiently close to
the steady state. Initially, numerical experiments in several publications indicated that
these linear stability properties are not only local but even global, as is the case for
general linear methods. Recently, however, it was discovered that the linear stability
of the MPDeC(8) scheme is indeed only local in nature. Our conjecture is that this is a
result of negative Runge—Kutta (RK) parameters of MPDeC(8) and that linear stability
is indeed global if the RK parameters are nonnegative. To support this conjecture, we
examine the family of MPRK22(«) methods with negative RK parameters and show
that even among these methods there are methods for which the stability properties
are only local. However, this local linear stability is not observed for MPRK22(«)
schemes with nonnegative Runge—Kutta parameters. In particular, it is shown that
MPRK22(«) schemes with 0 < o < 0.5 or —0.5 < o < 0 are only stable if the time
step size is sufficiently small. But schemes with « < —0.5 are stable and converge
towards the steady state of the initial value problems for all time step sizes, at least
for the test problem under consideration. Furthermore, it is shown that for some of the
latter systems, the initial values must actually be close enough to the steady state to
guarantee this result.
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1 Introduction

Modified Patankar—Runge—Kutta (MPRK) schemes are numerical time integration
schemes that are conservative and unconditionally positivity-preserving when applied
to a positive and conservative production-destruction system (PDS)

N

yi=Y (pijt.y) —dijt.y)), i=1,....N, )]

j=1
J#i

wherey = (1, ..., ynv) and p;j(t,y),d;;(t,y) > Oforally > 0,7 > 0. APDS is
called positive when positive initial values imply positive solutions for all times and
is called conservative when 17y’ = 0 or equivalently 17y is constant for all times.
Here,1=1(1,..., I)T € RY denotes the vector with all elements equal to one.

For general linear methods unconditional positivity is restricted to first-order
schemes, see [1-3]. Since MPRK schemes do not belong to the class of general lin-
ear methods, they can be unconditionally positivity-preserving and of higher order
at the same time. So far, second and third-order MPRK schemes for the integration
of autonomous PDS have been constructed in [4—6], based on the classical Runge—
Kutta (RK) formulation. The same was done in [7, 8], based on the SSP formulation
of RK schemes. In [9] arbitrary high-order MPRK schemes on the basis of deferred
correction schemes have been introduced. MPRK schemes for time-dependent PDS
have been investigated in [10]. For other approaches to obtain unconditional positivity,
we refer to [2, 11-16]. We also want to mention the novel framework [17] on order
conditions for Runge—Kutta-like schemes to which MPRK methods belong. Besides
a general theory for deriving order conditions, for the first time, sufficient and neces-
sary conditions for fourth-order MPRK schemes were presented and reduced therein.
Additionally, the authors proved that the convergence order of an MPRK method does
not depend on the signs of the RK parameters.

In addition to the order of a numerical scheme, its stability is of course crucial for
its usefulness in practical applications. In the following, we will be concerned with the
linear stability of MPRK schemes, i.e., the stability behavior of MPRK schemes when
applied to a positive and conservative linear system. Based on A = (g;;) € RNXN
positive and conservative linear system has the form

y = Ay, A —diag(A) >0, 17A =0, )
where A —diag(A) > 0is necessary and sufficient for positivity, see [18],and 17 A = 0
must hold to ensure conservativity. Here, the notation diag(A) € R¥*V is used to
denote the diagonal matrix with diagonal elements equal to those of A. Furthermore,

the conservation property 17 A = 0 together with positivity implies diag(A) < 0. If
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we define B = A — diag(A), system (2) can be rewritten in production-destruction
form as
y =By — (—diagA)y), B>0, 1"A=0. 3)

Since B = (b;j) > 0 and y > 0 by assumption the system’s production terms are
pij(y) = bijy; = a;jjy; > 0fori # j and the corresponding destruction terms d;
are contained within — diag(A)y > 0. For N = 2 all positive and conservative linear
systems (3) can be represented as

, _(—a b
y_<a_%)y ab>0. )

The central notion for linear stability of general linear methods is A-stability. A
general linear method is said to be A-stable, whenever its numerical solutionof y’ = Ay
for an arbitrary time step size At > Otendsto zeroforallA € C~ = {z € C | Re(z) <
0}. The choice A € C™~ comes from the fact, that A-stability ensures that the numerical
solution of a linear system y’ = Ay tends to 0, whenever all eigenvalues of A belong to
C~ . Foran A-stable linear method applied to y’ = Ay with a spectrumo (A) € C~, the
unique steady state solution y* = 0 is an asymptotically stable fixed point for arbitrary
time step sizes. However, the crucial difference between A-stability and asymptotic
stability is that the former is a global property, i.e., independent of the initial value,
while the latter is a local property since asymptotic stability requires that the initial
value be sufficiently close to the fixed point.

Due to its importance for general linear methods, we would also like to investigate
the A-stability of MPRK schemes. Unfortunately, several obstacles stand in the way.
First, MPRK schemes cannot be applied to the scalar linear test equation, particu-
larly not with A € C~, as it is unclear how the complex term Ay can be split into
production and destruction terms. To get around this, we can apply MPRK schemes
directly to positive and conservative linear systems. But, the conservation property is
in contradiction with the asymptotic stability of y* = 0, i.e., there is no conservative
linear system whose solution tend to 0 for t — oo for initial values y° > 0, since 17y
must be constant for all times. Moreover, a conservative linear system can possess
several independent linear invariants, i.e., there exist K linear independent vectors
n; with niT A = 0 and hence, niT y remains constant for all times. To avoid the issue
with asymptotic stability, we can weaken the requirement and demand only stability
instead, while at the same time, we can require that the numerical approximations tend
to the unique steady state solution y* of

Yy =Ay, y0) =y’ )

which always satisfies nl.T y* = niT y°. In summary, we are looking for MPRK schemes
for which a stable steady state y* of a positive and conservative linear systemy’ = Ay,
becomes a stable fixed point of the MPRK scheme for all time step sizes At, and in
addition, the iterates y” tend to y* for all initial values y" that satisfy niT yo = niT y*.
The fact that an MPRK scheme y"+! = g(y") is not a general linear method makes
it complicated to find MPRK schemes with the desired properties, since the application
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of an MPRK scheme to a linear system results in a nonlinear iteration of the form
yn+l — R(AIA, yl’l)yl’l7

whereas the stability function R of a general linear method is independent of the
iterate y”. In addition, the conservation property implies the existence of infinitely
many non-hyperbolic fixed points y* £ 0 of the map g, i.e., the Jacobian Dg(y*) has
eigenvalues with an absolute value equal to one. Hence, a linear stability theory for
MPRK schemes must be a stability theory for non-hyperbolic fixed points of nonlinear
iterations. One such approach to study stability is based on the center manifold theory
of dynamical systems and was introduced in [19, 20]. Assuming that the initial value
y? is sufficiently close to the fixed point y*, the theory provides sufficient conditions
for the stability of y*, as well as for the convergence of the iterates to the steady state
of the corresponding initial value problem. Thus, this stability theory would almost
suffice to find the desired schemes if the theory did not make local statements only,
with respect to the initial value. However, to the authors’ knowledge, this is the only
approach to studying the stability of MPRK schemes so far.

The stability theory of [19, 20] was used to investigate the linear stability of
MPRK?22 schemes and it was proven therein that MPRK?22(«) schemes with « > 0.5
are linearly stable and that their iterates tend to the correct fixed point y*, whenever the
initial value y? is sufficiently close to y*. The stability theory was used in [21] to find
SSP-MPRK schemes with the same properties. Stability analysis of the third-order
MPRK schemes from [6] and the MPDeC schemes of [9] was carried out in [22]. We
also want to note, that the stability theory of [19, 20] is not only applicable to MPRK
schemes and was also used in [23] to analyze the linear stability of BBKS [10, 12, 13]
and GeCo schemes [14]. Furthermore, it was used in [24] to investigate the stability
of an MPRK scheme in the context of a nonlinear PDS.

Even though the stability results of [19, 20] are only valid in a sufficiently small
neighborhood of the fixed point, the numerical results in [19-21] suggested that the
local stability might actually be a global one, just like it is the case for A-stable general
linear methods.

However, in [22, 25], it was discovered that the MPDeC(8) method with equidistant
nodes is indeed only locally stable. To check the conjecture that this is due to the
negative RK parameters of the MPDeC(8) scheme, the family of MPRK22(«) schemes
with negative RK parameters, i.e., « < 0.5, was investigated in [26]. The numerical
experiments presented therein show that MPRK22(—0.5) is another MPRK scheme,
which is only locally stable.

The aim of this paper is to summarize and extend the results of [26] and to justify
the conjecture that this local linear stability behavior, which is unknown from general
linear methods, only occurs for MPRK schemes if the Butcher tableau of the underlying
RK scheme contains negative values.

2 Linear stability of MPRK22(a) schemes

This section summarizes some of the results of [26].
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The idea of MPRK schemes is to modify explicit RK schemes by introducing
additional weighting factors that ensure unconditional positivity and conservation.
Destruction terms are multiplied by weights with respect to the equation they appear in.
Production terms are multiplied by the same weights as their corresponding destruction
counter parts. If all parameters of the underlying RK schemes are nonnegative, there is
no difference between production or destruction terms on the continuous and discrete
levels. Butif production or destruction terms are multiplied by a negative RK parameter
they switch their roles from the continuous to the discrete level, which has to be dealt
with appropriately within the implementation of the scheme.

The MPRK22(«) schemes were introduced in [5] and are based on general second-
order explicit RK schemes, i.e., a1 = a # 0, b, = ﬁ, by = 1 — by. In [5]

only nonnegative RK parameters were considered, which is the case, if « > % For

O<a< % the parameter b1 becomes negative and for « < 0 the parameters a>; and
by are negative. Consequently, we need to distinguish these three different cases, for
varying values of «.

In a form which is suitable for positive as well as negative RK parameters, the
MPRK22(«) schemes for the solution of (1) can be reformulated as

1
y =y, (6)
N y(2() ) y(2() )
S LN (ke e I
j=1 Yy (j.i.an) Yy(i.j.an)
2 N yn+1 yn+l
ji,b, i j.b
yin+1 = '+ At ka(Pij(y(k)) Y (J,i,b1) —dij(y(k)) v@,j k)>’ (6¢)
=1 =1 Oy (j.i.br) Oy (i.j.br)

fori =1,..., N, with
oi = oi(y", y?) = IVl i =1, N
and the index function
y(i,j,0)=1i for 6 >0 und y(i, j,0) =) for 6 <O. 7

The purpose of the index function is to decide, whether a term is a production or
destruction term and to choose the weighting factors accordingly. We also note that
the index function (7) was introduced in [9] for the definition of MPDeC schemes.

It was proven in [5] that MPRK22(«) schemes with o > % are unconditionally
positive and conservative second-order schemes. The same is true for 0 < o < % and
a < 0, which was proven in [26] by a straight-forward modification of the proof given
in [5]. For a general framework concerning the order conditions of MPRK schemes,
we refer to [17].

To examine the linear stability of MPRK22(«) schemes in terms of the stabil-
ity theory [19, 20], we consider their application to positive and conservative linear
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PDS (3).

diag(v/u) = diag(v) diag(u)_l,
where diag(v) = diag(vy, ..., v,) € RV*V denotes the diagonal matrix with the
elements of the vector v = (vq,...,v,) € RN on the diagonal. As mentioned

above, we need to distinguish between the following three cases.

2.1 Casea > 0.5

This case was already considered in [19, 20], and we present the results for the sake
of completeness.

As o = a1 > 0 implies that all RK parameters are nonnegative, the application of
an MPRK22(«) scheme (6) to (3) yields

v =" +an At(Bdiag(y? /y"y" + diag(y? /y") diag(A)y"),
Y=y + Ar(Bdiag(y"t! /o) (bry" + bay®)
+diag(y"t! /o) diag(A) (b1y" + bay®)),

In comparison to the underlying RK scheme, a diagonal matrix with Patankar-
weights was introduced on the left of diag(A) in the destruction parts and on the right
of B in the production parts. This is done in the other cases as well.

The dependence of y”*! on y” can be expressed by an implicit function g, i.e.,
y*t1 = g(y"). Each steady state y* of (3) is also a fixed point of g and

Dg(y*) = (1— ArA) ' (L AIA(T— (T— aArA) ) +1)

has the eigenvalues R(Atf)), where A is an eigenvalue of A and the stability function
is

1 1
EZ<1_ 1—az>+1 _ 72— 2az+42

R@) = 11—z T 2(1—az)(l—2)

As aresult, |R(z)| < 1 for all z € C~, which implies stability of fixed points and
convergence towards the steady state of the underlying initial value problem. Hence,
the MPRK22(«) schemes with o« > 0.5 fulfill all desired properties, apart from the fact
that stability could only be proven in a sufficiently small neighborhood of the fixed
point. Furthermore, we want to emphasize that in this case, apart from At, stability
depends only on A like in the continuous case.

2.2 Case0<a<0.5

A similar analysis as for « > 0.5 can be conducted for the situation that 0 < o < 0.5.
This was done in [26] and the results will be summarized here. In this case, we have
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b1 < 0 and az1, by > 0. Consequently, the scheme (6) applied to (3) reads

y® =" +ax Ar(Bdiag(y? /y")y" + diag(y? /y") diag(A)y"), (8a)
Yy =y + At (b diag(y" ™! /o)By" + boB diag(y" ™! /o)y® + (8b)
b1 diag(A) diag(y" ™! /o)y" + by diag(y" ™! /o) diag(A)y ).
Next, we summarize the results of [26] and present details in Appendix A.1.
The stability behavior is more complicated than for & > 0.5 as the Jacobian Dg(y*)

in general also depends on AT and the steady state y* itself
However, if we restrict ourselves to the specific system (4), then

Dg(y*) = —(-I+ Ar(~1+ HA) 1+ a2 - 2 + L)A
— A1(E — D)A(-T+aaA))

and

1+ (2- 5

+
le —
N—

2~

|
Nl w
|
le —
N—
n
7
]
8

R(z) = —

A technical computation shows that for every « there exists a z* < 0, given by

. =207+ 30 —2— 4ot +120% — 1102 — 4o + 4
°© = 602 —Ta +2 '

such that |R(z)] > 1 for all z < z*. Hence, the MPRK22(«) schemes are only
conditionally stable for 0 < o < 0.5.
The above analysis results in the following theorem.

Theorem 1 Let the unique steady state y* of the initial value problem (5) with system
matrix (4) be positive. Then the iterates of the MPRK22(«) scheme with 0 < o < 0.5
locally converge towards y*, if At < —fﬂ.

As mentioned before, details can be found in [26] and Appendix A.1.
23 Casea <0
In this case, we have az;, b» < 0 and by > 0. Hence, terms multiplied by a»; or by

change their role from the continuous to the discrete level. As a result, MPRK22(«)
schemes (6) applied to (3) become

v = y" + ax At (diag(y® /y")By" + diag(A) diag(y® /y")y"), (9a)
Yy = y" + At(b1Bdiag(y"t! /o)y" + by diag(y" ' /o)By? (9b)
+by diag(y" ! /o) diag(A)y" + by diag(A) diag(y" ! /a)y®).
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Again, we summarize the results of [26] and present details in Appendix A.2.

As for 0 < o < 0.5 the Jacobian Dg(y*) in general depends on AT and the steady
state y* itself. But for the purpose of this paper, it is sufficient to restrict ourselves
to system (4), in which case it can be seen that the dependence on A7 and y* within
(A10) disappears due to the property (A3), and we have

Dg(y*) = —(—1+ Ar(1 — D)A) 1+ ar(L - L)A

o?
— At(— ok + L)A(-1 - aAIA) T (1 + 20A1A))
as well as
3 1 1 1 1
R@) = — U+ (55 = 32)7 = (a6 + g1)emrmag (1 4+ 202)
- 1
—1+(1-12)z
The nonzero eigenvalue of A in (4) is A = —(a + b) < 0. Hence, we only need

to consider z € R with z < 0. For every « < 0 the function R is monotonically
increasing on (—oo, 0) with

a+2
z;glw @ 2(a — 1)

and consequently

a+2
———— < R@) <1 forz<0anda < O.
20(¢ — 1)

If we restrict o additionally to @ < —0.5, then |R(z)| < 1 for z < 0 and it follows
that MPRK?22(«) schemes with @ < —0.5 are unconditionally stable, i.e., the stability
is independent of Ar. Moreover, convergence to the steady state of the corresponding
initial value problem is guaranteed as well, whenever the initial value is sufficiently
close to the fixed point. The situation is different for —0.5 < o < 0, for which the
schemes are only conditionally stable. For —0.5 < « < 0 stability requires z* < z < 0
with

*

20% —a + 2 + V4ot + 43 —3a? — 120 + 4
Z = .

202 — 30 —2

As mentioned before, see [26] or Appendix A.2 for details.

Now, we know that MPRK22(«) schemes with o« < —0.5 are unconditionally stable
and converge to the steady state of the corresponding initial value problem, at least
when applied to the linear system (4) and the initial value is not too far away from
the steady state. As mentioned above, the numerical results in [19-21] suggested that
this local behavior might actually be the global behavior. But it was observed in [26]
and [22, 25] that MPRK22(—0.5) and MPDeC(8) with equidistant nodes are indeed
only locally stable. Such a linear stability behavior is unknown from general linear
methods.
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The conjecture that this can only occur in the presence of negative RK parameters
is supported in Section 3, where we also show that there are further values of o with
o < —0.5 for which the same stability behavior can be observed. Moreover, the
experiments with « > 0.5, corresponding to non-negative RK parameters, do not
show a case for which the stability properties are local.

The above analysis results in the following theorem.

Theorem 2 Let the unique steady state y* of the initial value problem (5) with system
matrix (4) be positive.

1. The iterates of the MPRKZZ(ot) scheme with —0.5 < a < 0 locally converge
towards y*, if At < —az—b.
2. The iterates of the MPRK22(«) scheme with o < —0.5 locally converge towards
y* for all At > 0.

As mentioned before, details can be found in [26] and Appendix A.2.

3 Numerical results

In this section, we demonstrate numerically that for some MPRK22(«) schemes with
a < 0, the linear stability and convergence to the correct steady state is indeed only
given locally, i.e., the initial value must be sufficiently close to the fixed point. To show
this, it is already sufficient to consider the linear system

y/=<—a a>y, a>0 (10a)

a —a

with initial value

1/1 1 1
0_ = 2
y —2<1>+8<_1>, 0§5<2, (10b)

where the restriction on § is necessary to ensure positive initial data. The solution of
this initial value problem is

-4 ()

L /1
* _1: _
y = limy() =2 <1>
independent of §.

The following computations were performed with MATLAB 2023b. The MATLAB
code is available from https://github.com/SKopecz/locstabMPRK?22.git.

First, we consider system (10a) with a = 20 for which the system is nonstiff.
In Fig. 1, we see numerical solutions computed by MPRK22(—0.5) for two slightly

and its steady state is
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— — -y exact
Y2 exact
0.8 oy
,Jﬂ:ﬁ:ﬁm;@m%m O Yo
ey
0.6 — — —y exact
,,,,,,,,,,, Y2 exact )
o
04 )
0.2
0 - - - - 0 . . . . .
0 20 40 60 80 100 0 20 40 60 80 100

(a) 6 =0.23 (b) 6 =0.24

Fig. 1 Numerical solutions of the initial value problem (10a) and ¢ = 20 computed with MPRK22(—0.5)
and At =1 for§ =0.23 and § = 0.24

different values of §. The rather large time step size At = 1, which is of course unsuit-
able for accuracy, was chosen to demonstrate the stability behavior of the scheme. As
described in Section 2.3 the MPRK22(—0.5) scheme is stable and the iterates tend to
the steady state of the corresponding initial value problem for all time step sizes, as
long as the initial value is close enough to the steady state. This behavior is depicted in
Fig. la. Now, in Fig. 1b, the value of 4, i.e., the distance to the steady state, is slightly
increased and as a result, the numerical approximations tend to a spurious steady
state. As discussed above, we would like to have a linear stability behavior similar
to A-stability, i.e., the stability should not depend on the initial values. But here it is
demonstrated that MPRK schemes exist for which stability crucially depends on the
initial value.

To gain a better insight into the dependence of the stability on §, we compute the
steady states for N = 200 equidistantly spaced samples of § between 0 and 0.5. In each
case, the steady state is computed by performing M = 10* steps of the MPRK22(—0.5)
scheme to obtain y* . To check if the correct or a spurious steady state is approached,
we compute the distance

d(@,8) = [Iy" = ¥"llco-

We expect d(o, 6) < 1 if the scheme is stable and tends to the steady state of the
corresponding initial value problem and d(c, §) >> 0 if a spurious steady state is
reached. Figure2a shows a plot of d(—0.5,48) for 0 < § < 0.5. We see that the
stability behavior changes abruptly from stable to unstable for some § between 0.23
and 0.24 as suggested by Fig. 1. If we increase the stiffness of the system by choosing
a = 200 the critical value of §, for which the change from stable to unstable behavior
occurs, decreases, as can be observed from Fig. 2b. In this case, the stability behavior
changes from stable to unstable for § ~ 0.06.

Next, we want to answer the question if « = —0.5 is the only value of @ for which
the linear stability of MPRK22(«) crucially depends on the initial value. To answer this
question, we again compute the distance d(«, §), but this time, we vary both § and «.
We use an equidistant grid with 160 samples of § and 241 samples of o for0 < § < 0.5
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100} = 1001
— —
< 10° < 10°
3 0
7 T
s} 10-10 L = 10 10 |
10715 ¢ LT T 10-15 |
0 0.1 02 03 04 05 0 0.1 02 03 04 05
d d
(a) a=20 (b) a =200

Fig. 2 Plots of d(—0.5,8) = |ly* — y™ oo with 200 samples of 8. The steady state of (10a) is y* =
(0.5,0.5)7 and yM is computed by M = 10 steps of MPRK22(—0.5) with A7 = 1

and 0 < || < 2. Again, we use a = 200 in (10a), At = 1 and M = 10* steps to
compute the steady state. The result of this computation can be seen in Fig. 3a, and we
note that the MPRK22(«) scheme is not defined for « = 0, which is not indicated in
the plot. Based on Fig.3a, we can make the following statements. First, the expected
unstable behavior for 0 < |a| < 0.5, which was discussed in Sections 2.2 and 2.3,
is clearly visible. Second, for « > 0.5, we observe stable behavior independent of
8. Therefore, local stability could actually be global stability for « > 0.5. Third, for
a < —0.5 there exists an * < —0.5 such that stability of MPRK22(«) is indeed only
local stability, and for @ < o™ no unstable behavior can be observed. To see this more
clearly, Fig. 3b shows a zoom of Fig. 3a with higher resolution for —0.6 < « < —0.5.
As we can see, « = —0.5 is not the only value of « for which the stability depends on
the initial value. The same is true for all & between o* ~ —0.56 and —0.5.

1.5 10° 05 10°
1 -0.52
0.5 10°® 108
-0.54
3 0 3
05 1010 -0.56 1010
4 -0.58
1015 1015
R -0.6
0.1 0.2 0.3 0.4 0.1 0.2 0.3 0.4
)

)
(a) (b)

Fig.3 Plots of d(a, 8) = |y* — yM [loo With 160 samples of & and 241 samples 4. The steady state of (10a)
isy* =0.5(1, T and yM is computed by M = 104 steps of MPRK22(«r) with At = 1
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4 Summary and outlook

We have discussed the linear stability behavior of MPRK22(«) schemes for all @ # 0
based on the local stability theory of [19, 20]. Moreover, we have confirmed that
negative RK parameters in MPRK schemes can lead to linear stability actually being a
local property. In particular, we have shown that there are MPRK22(«) schemes with
a < —0.5 that are linearly stable but converge to a spurious fixed point instead of the
steady state of the corresponding linear system if the initial value is not sufficiently
close to the steady state. Such a linear stability behavior is unknown from general linear
methods. We further note that we cannot recommend to use MPRK?22(«) schemes with
a < 0.5 since apart from the time step size restrictions for 0 < o < 0.5, the stability
of these numerical methods shows an artificial dependence on A7 and y* that is not
present in the continuous case. In addition, the convergence towards the steady state
of the corresponding initial value problem cannot be guaranteed in the case of general
linear systems by means of the stability theory from [19, 20], see [22].

Nevertheless, for MPRK22(«) schemes relevant in practice, i.e., @ & 1, the param-
eters of the underlying RK scheme are nonnegative and no restrictions on the initial
value could be found numerically. Therefore, for these methods, it still seems that the
local linear stability is actually a global linear stability.

Since we would like to have MPRK schemes with properties similar to A-stable
general linear methods, it is therefore essential that the convergence to the steady state
of the corresponding initial value problem is given for all initial values which satisfy
nl.Ty0 = nl.Ty*, where the vectors n; define the independent linear invariants of the
system matrix. For this reason, there is a great need for a theory that makes statements
not only about local stability but also about global stability.

Appendix A

Below, we show the computations of [26] that have been omitted in Sections 2.2 and
2.3. In both cases, the MPRK?22 scheme can be written as

vy, y?) =0, oy",y?,yth =0, (A1)

which is particularly helpful to compute the Jacobian Dg(y*) through implicit differ-
entiation. To keep the notation short, we denote by Dy jf (X1, ..., X¢) the Jacobian of a
function f with respect to x;. Furthermore, we define D as Dy W (y*, y*) and D; &
as Dy @ (y*, y*, y*). With this notation, we have

Dg(y*) = —(D%®) ! (Did — DEO(DEW) 'DiW), (A2)

if U, @ € C? and the inverse matrices (D% ®)~! and (D3 W)~! exist, see [22].
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We also note that the steady states of the linear system (4) subject to positive initial
values are y* = s(b, @)’ for some s > 0 and consequently the identity

. P bO\ [— (b7 0
diag(y)A” diag(y") ‘=s(o a)<b“ _“,,) (s ‘(0 a_l))

—bab™! baa™!
- ( abb™! —abal) =A (A3)

holds true.

A.1Case0<a<0.5

The MPRK?22(«) scheme (8) can be written in the form (A1) with

W (u,v) = u+ ay Ar(Bdiag(v/u)u + diag(v/u) diag(A)u) — v, (Ada)
O(u,v,w) =u+ At (b1 diag(w/o)Bu + byB diag(w/o ) v+ (A4b)
by diag(A) diag(w/o)u + b, diag(w/o) diag(A)V) —

To actually compute the Jacobians appearing in (A2), we rewrite (A4) and obtain

Y(u,v)=(-I+aAA)V+u, (A5a)

®;(u,v,w) = _wl+”'+m(2azauw, /1 1/0luj—l+l/a

j=1

J#i
N N
e, —1+1 1-1 —1 1
_(1 Zaﬂuwjj fer, +/a_2LZ ajiwiv, fo, ~1+1/a

Jj=1 Jj=1
J# J#
N

+(1- Z%”J“}t” e ,_IH/a)
7ét

(A5b)

Differentiation of (A5a) shows

DyW(u,v)=1I, DyW(u,v)=-1+aArA.
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and differentiation of (AS5b) yields

N
—1 —1+1
Dy®, v, w));; =1 +At<— (1- ﬁ)]gaﬁwjvj /auj Ja
J#
1w 1-1/a —2+1/a
—(=1+3) % Zlajiwi”i u;
J:
J#i
(=14 5) (1= 55) X ajjujwiv; “u;

j=1
J#

N —1/a —2+1/a>

and

1-1/a —2+1
Dy®(u, v, w)iy = At((—l + é) %aiqquq /auq /e
—1ja —2+1
ST D) (1 ) gy Y

+ (1= %) aiqwiv; u; Y

for i # ¢q. In addition, we obtain

N
e, —1+1
Dy®(u,v,w))i; = Al( -(1-3) % Zajiwivi /aui e
|
J#

N
1 1 o —l=la —1+]/a
_E(I_E)Zau”]wlvi u;
Jj=1
J#L
and

—1 —1+1
Dy® @, v, w)ig = At( (1= 1) Laggwgvy /ug e

—1-1/a_ —1+1
+ 2 (1= 55) agiuiwgug '~ g TV,
for i # q. Finally, we see
N
1-1/a —1+1
Dy ®(u, v, W) = —1 + At(— > agiv e
j=1
J#i
N
1 —1 —1+1
+(1-5) Zaij”j”i /a”i m)
j=1
J#
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and
1-1 1 1 -1 ,1 1
Dy ® (U, v, W)ig = At(saigvg “ug ™ — (1= L) agiuivg *uy T

fori # g. Since y" = y* implies y® = y* and y"t! = y*, we substitute u = v =
w = y* and obtain the Jacobians

DIw =1 (A6a)
DIV = —I + aArA, (A6b)
Did =1+ Ar( (1 1y 20,2) A— ( 142 - 272) diag(y*)A” (diag(y*)) "),
(A6c)
* 1 1 . * T /3: *yy— 1
Did = At((m 2a2)A+ (a oL 2) diag(y*)A” (diag(y*)) ), (A6d)
D;® = 1+ At(5A — (1 — 5-) diag(y")A” (diag(y*) ™), (A6e)

which shows that Dg(y*) as given in (A2) in general depends on AT and y*. However,
hereafter, we only consider the linear system (4) and substituting (A3) into (A6), we
obtain

Div =1 Di¥=-I+aAA

and
D;® =I+A1(2— 2 +L)A Dj@ = Ar(2 — L)A D@ = —I+Ar(—1+1)A.
Hence, it follows that

Dg(y") = —(—T+Ar(— 1+ HA) T+ ar2 - £ + L)A
— At(E — L)A(-T+aara) ],
(A7)

if (D;,“VCI))’1 and (Di\ll)’1 exist. To verify the existence of the inverse Jacobians, we
note that the system under consideration has eigenvalues .} = Oand A, = —(a+b) <
0. Hence, if A < 0 is an eigenvalue of A, then —1 + o AtA < —1 is an eigenvalue
of D} W, which shows that D} W is invertible. Similarly, the eigenvalues of D}, & are
—1—=At(1 — é))» < —1,since 1 — é < 0for0 < o < 0.5. Thus, D}, ® is invertible
as well.

The eigenvalues of (A7) are R(AtA) with A being an eigenvalue of A and R repre-
senting the stability function

+(2_%+é)z_(%_i)( T+az)
1+ (=14 1)z

(4a? =50 +2)72 + Q% — 4o +2)7 — 2«

T 2al@— D242 —a+ Dz —2a

R(z) = —
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The derivative of R with respect to z is

202 — 2z (2 — 3o + 20%) + 222 + 502 — 303 + 2a4)

R'(z) =
©= 2@ — 12+ 242 — )2

Dueto0 < o < 0.5and z < 0 every factor of the denominator of R’ is nonzero and
consequently the denominator of R’ is positive. In addition, we have 2 — 3 +2a? > 0
and 2 + 502 — 303 +2a* > 0 for 0 < a < 0.5, which shows that the nominator is
positive as well for every z < 0. Hence, R is monotonically increasing on the domain

of interest. Furthermore, we have R(0) = 1 and lim,_, _ R(z) = % and thus

%—53‘1*;2 < R(z) < 1. Finally, since ‘% < —1, we can conclude that for every
0 < a < 0.5 there exists a z* < 0 for which |R(z)| > 1 for all z < z*. Hence, the
MPRK22(«) schemes are only conditionally stable for 0 < o < 0.5. To find z*, we

need to solve R(z) = —1, which yields

=

—20% + 30 — 2 — V4ot + 1203 — 11a? —da + 4
6a2 —Ta +2 ’

A2 Casea<0

The MPRK22(«) scheme (9) can be written in the form (A1) with

Y(u,v) =u+axy At (diag(v/u)Bu + diag(A) diag(v/u)u) —v, (A8a)
d(u,v,w) =u-+ At(blB diag(w/o)u + b, diag(w/a)Bv (A8Db)
+ by diag(w/0) diag(A)u + by diag(A) diag(w/c)v) -

To actually compute the Jacobians appearing in (A2), we rewrite (A8) elementwise
yielding

v;(u,v) = —vl+u,—aAt<Za],u vju; Za”ujv, >, (A9a)

j=1
J#i J#t
d>i(u,v,w)=—wi+ui+At< 1__ Z“uwj l/a 1/a (A%b)
J#t
N N
~l/e, 1+ 1 1
_%Z“ﬂ”lwf /au] +/Ot—(l—ﬁ)izajzw,v /“uz/a
Jj=1 P
el J#i

+ L
T

~1/e, ~1+1/a
Aijujwiv; Uy )

MMz

@ Springer



Numerical Algorithms (2024) 96:1221-1242 1237

By differentiation of (A9a), we obtain the Jacobians

1—aAr (X a; vju; Ve SN aiiuvin 2) i=gq
j=14ji j=1¢ij4%jli s >

Du¥(u,v))ig = ( J#i J#i
—a At —aqiuivquq’2 — aiqviuf]> , i #¢q,

and
N —1 .
_1+aAth:1aljujul , L =4¢q,
Dy¥(u, v)ig = i
—aAtagiu; uql, i #gq.

By differentiation of (A9b) one can write

N
-1 —1+1
Dy@(u, v, w));; =+ At(—é(l - ﬁ) Zajiwiv,- /au,- e
j=1
J#i

N
—1 —24+1
=1 5L S g +/a)
j=1
J#i
and

1 —1+1
Db, v, Wig = At (L (1= 25) aigugvg " ug
1/a —2+l/oc)

( 1+ )2aaq,v,quq Ug

for i # q. Furthermore, we see

N
—1 —1+1
(Dvcb(u, Vv, w))ii = A[( — ﬁ Zajiwjvj /Oluj +1/a

Jj=1
J#i
1 —1— 1/05 l/oc
+ 4 ( Zaﬂw:
J#l
N
11 —1=1/a ~1+1/a
_az_z aijujwiv; u;
j=1
J#i
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and

1-1 1
Dy (u, v, W)y = A,(_é (1= LY asgwgvy ul

—1-1/a —1+1/a
L1 fa 1+

o 2a%qiViWqVq
+ aigwiy, ]/au:H]/a)
fori # q. Finally,
(Dy®(u, v, w)),~,~=—1+At< Za,, e e
J7+—l

N

1 —l/a —1+1/a

Z_Z aijvjv; u; >
j=1
J#

and

1 1

Dy ® (U, v, W))jg = At((l LY argvg ul
—1 71 1

2aaq,v,vq gt /a)

hold for i # ¢. Since y* = y* implies y® = y* and y"*! = y*, we substitute
u = v =w = y* and obtain the Jacobians

DiW =1+ aAr(A + diag(y")AT diag(y*)™), (A10a)
DIV = —I — aAr diag(y*)AT diag(y*)~!, (A10b)
Did =1+ At((a - 21—2) A— (—% + 21—2) diag(y)A” diag(y*)™"), (A10c)
Did = At(( Ly 20{2)A+ Sy diag(y)A” diag(y") "), (A10d)
D;® =T+ At((1 — 1) A — 5 diag(y")AT diag(y*) "), (A10e)

which shows that Dg(y*) as given in (A2) in general depends on AT and y*. However,
hereafter, we only consider the linear system (4) and substituting (A3) into (A10), we
obtain

DiW =1+ 20 AfA, Diw = —1—aArA
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and

D;d =T+ At(5 — H)A,

o
Di® = At(—5 + 5)A,
D;,® =T+ Ar(1 — DA

o

Inserting this into (A2) finally yields

Dg(y") = —(-1+ Ar(1 - D)A) (1 + Ar(2 — H)A
(

- ar(—4+ )

—1—aAA) " (14 20A1A)),
(Al1)

under the assumption that (D5, @)~ ! and (D$\IJ)’1 exist. To verify this, we note that
the system under consideration has eigenvalues Ay = 0 and A, = —(a + b) < 0.
Hence, if A < 0 is an eigenvalue of A, then —1 — o AtA < —1 is an eigenvalue
of D} W, which shows that D} W is invertible. Similarly, the eigenvalues of D}, ® are
-1+ At(1 — al))» < —1. Thus, D}, ® is invertible as well. The eigenvalues of (A11)
are R(AtX) with A being an eigenvalue of A and R representing the stability function

Ry 1+ (& - 2)z— (5 + 2)ems 1+ 20{z).

We can rewrite R as

—(a+2)2> — 20> +2)z — 2«

R =
@ Qa2 —20)722 + (=202 4+ 20 — 2)7 — 20

and compute its derivative

20472 — o372 + 4037 + 30272 — 2027 — 3az? + 202 + daz + 21

R@ = 2z + 1)2(az —a—2)?

For z < 0 and @ < 0 every term in the nominator is positive and the denominator
is positive as well. Hence, R'(z) > 0 for all z < 0 and « < 0, which implies that R is
monotonically increasing on (—oo, 0). Furthermore, we find R(0) = 1 and

o+2
lim R(z) = ————.
z%anoo @ 2(a — 1)

Together with the monotonicity of R this results in

o+2
2(ax — 1)

<R(z) <1 forz<Oanda <O.
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Since
o+2

1
< —— &&= < —
~ 2a(@-—1) - 2
we can conclude

|[R(z)| <1 forz <Oand o < —0.5.

According to the stability theory of [19, 20] it follows that MPRK22(«) schemes
with « < —0.5 are unconditionally stable and converge to the steady state of the
corresponding initial value problem independent of the time step size At, if the initial
value is close enough to the fixed point. On the other hand, for —0.5 < o < 0 there
must exist z < 0 with |R(z)| > 1. Hence, MPRK22(«) schemes with —0.5 < o < 0
are only conditionally stable. Solving R(z*) = —1 for z* shows

Z*

207 —a 424 V4ot +4a — 30 — 120+ 4
B 20% — 3a —2 '

Hence, stability for —0.5 < a < 0 requires z* < z < 0.
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