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A STUDY OF THE LOCAL DYNAMICS OF MODIFIED PATANKAR DEC AND
HIGHER ORDER MODIFIED PATANKAR-RK METHODS

THOMAS IzGIN'® AND PHILIPP OFFNER2*

Abstract. Patankar schemes have attracted increasing interest in recent years because they preserve
the positivity of the analytical solution of a production—destruction system (PDS) irrespective of the
chosen time step size. Although they are now of great interest, for a long time it was not clear what
stability properties such schemes have. Recently a new stability approach based on Lyapunov stability
with an extension of the center manifold theorem has been proposed to study the stability properties
of positivity-preserving time integrators. In this work, we study the stability properties of the classical
modified Patankar-Runge-Kutta schemes (MPRK) and the modified Patankar Deferred Correction
(MPDeC) approaches. We prove that most of the considered MPRK schemes are stable for any time
step size and compute the stability function of MPDeC. We investigate its properties numerically
revealing that also most MPDeC are stable irrespective of the chosen time step size. Finally, we verify
our theoretical results with numerical simulations.
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1. INTRODUCTION

The derivation of structure preserving methods is essentially important and has attracted much attention
recently in various different ways, cf. [1,18,22,23]. One specific family of schemes which ensures the positivity
and conservation property of the numerical approximations are modified Patankar (MP) schemes. They are
constructed for conservative and positive production—destruction systems (PDS) which are used to describe
chemical reactions or biological models [4], but can also be found as the semi-discretization of convection
equations (with and without) stiff source terms [6,11]. Such a PDS is defined through the following system of
ordinary differential equations (ODEs):

y£:Pi(Y)_Di(Y)’ i=1...,N (1)

. N N
with Py(y) = 252, pij(y), Dily) = Y521 dij(v), pij(y) = dji(y) > 0 and y = (y1,...,yn)", where y; denotes
the ¢th concentration, e.g. the density of a chemical or biological component. Further, the production rate p;;
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denotes the rate of change from the jth component to the ith component whereas the destruction d;; tells us
the change from the ith component to the jth component.

The PDS is positive if the componentwise inequality y(0) > 0 implies y(¢) > 0 for all ¢ > 0. It is easy to see
that due to p;;(y) = d;:(y), solutions of (1) fulfill additionally the conservation property Zil yi(t) = const for
all t > 0.

To mimic conservation and positivity discretely, modified Patankar schemes have been first developed in [4]
and further extended and applied in [18,19,21]. The proposed families of second- and third-order accurate
modified Patankar-Runge-Kutta (MPRK) methods from [18,19,21] are based on explicit RK schemes. Huang
and Shu have used as their starting point for the MP developments strong stability preserving (SSP) RK schemes
in Shu-Osher form introducing SSPMPRK methods [10,11]. However, all of those approaches have maximum
order three, whereas arbitrary high-order MP schemes have later been proposed in [22]. These schemes are based
on the Deferred Correction method [8]. All of those MP schemes are unconditionally positive and conservative
for y(0) > 0.

Although the benefits of MP schemes have been repeatedly demonstrated numerically since their introduction
in 2003, an analytical study of their stability and robustness has been lacking until recently. In [27] some issues
of MP schemes have been analyzed whereas in [14-16], a suitable stability theory for positivity-preserving time
integration schemes has been proposed and applied to a family of second order MPRK schemes. In [12], this
theory has been used to investigate the stability properties of the SSPMPRK schemes. In this paper, we follow
the lines of [15,16] and investigate the stability behavior of several MP schemes. We concentrate on the classical
MPRK schemes from [18,19] and the MPDeC approach up to order 14 [22].

The rest of the paper is organized as follows. In the next section, we shortly repeat the notation, the main
definitions and results regarding the stability of fixed points from [16]. Next, in Sections 3 and 4, we investigate
the stability of MP schemes. First, we focus on a highly efficient MPRK scheme proposed in [27] and explain
the general setting. Later, we consider the general families of third order MPRK schemes from [18,19], denoted
by MPRK43(«, 3) and MPRK43(). In Section 4, we extend our stability investigation to the MPDeC schemes
from [22]. We want to mention here, that the resulting stability functions are included in our repository [17]. In
numerical simulations, see Section 5, we verify our theoretical results. Finally, we formulate our conclusions and
future research interests in Section 6. In the Appendix A, we give some additional material for completeness.

2. PRELIMINARY RESULTS AND NOTATION

In the following part we shortly introduce the notation and the considered test equation where we also repeat
the preliminary stability results for positivity-preserving schemes following [14-16].

2.1. Notation and Test Case

We consider a stable linear positive and conservative PDS of the form

y'(t) = Ay(t) (2)
with A € RV*N and the initial condition

y(0)=y’>0 (3)
following the notation and investigation in [12,16]. In case that we have exactly k > 0 linear invariants, there exist
vectors ny, ..., ny which form a basis of the ker(AT). As a consequence, they fulfill nly(¢) = nly° for all t > 0
and i = 1,...,k. Note that for conservative PDS we find 1 € ker(A7T), i.e. the sum of each column vanishes, that
is Ejvzl a;; =0fori=1,...,N. Due to a classical result from dynamical system theory [20], we know that (2)

is positive if and only if A is a Metzler matrix, i.e. the off-diagonal elements are nonnegative. Altogether, (2)
can be rewritten as a positive and conservative PDS with p;;(y) = d;i(y) = as;y; and p;;(y) = dii(y) = 0 for
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i#jand 7,5 =1,...,N. Moreover,

N N

- Z dij(y) = — Z ajili = AiilYi (4)
Jj=1 J=1

J#i

holds true, which was already used in [12] to rewrite the SSPMPRK schemes in matrix-vector notation when
applied to (2).

In what follows we are interested in comparing the stability properties of steady states of the initial value
problem (2) and (3) with those of the corresponding fixed points of the method. To that end, we recall the
definition of (asymptotically) stable fixed points in the next section and refer to the analogue for steady states
to [7,25].

To ensure stable steady states y* € ker(A), the matrix A has a spectrum

0(A) CC™ ={z € C|Re(z) <0}

and the eigenvalues of A with zero real part have to be associated to a Jordan block size of 1, ¢f. [7, Thm. 2].
Also, according to the same theorem, no steady state of the test equation (2) is asymptotically stable since
ker(A) # {0}.

To summarize the assumptions on the linear PDS (2), we introduce the algebraic multiplicity pa (A) of the
eigenvalue A € o(A) as well as the corresponding geometric multiplicity ya (\). Altogether we consider in the
following systems of the form

y=Ay, A#0, A—diag(A)>0, ua(0)=9a(0)=k>1, 1cker(AT), o(A)CC™, (5)
where diag(A) denotes the diagonal of A.

Remark 2.1. We want to note, that 1 € ker(AT) and A # 0 imply that the matrix A is even a proper Metzler
matrix, which means that in addition to being a Metzler matrix, A possesses at least one negative diagonal
element. As a result of [3, Thm. 10, Cor. 11], the only eigenvalue A € o0(A) C C~ with Re(A) = 01is A = 0.

Hence, the only eigenvalue for which we require equality of algebraic and geometric multiplicity in [7, Thm. 2]
is A=0.

As a final notation we want to introduce the diagonal matrix diag(y) for a given vector y € RY by
(dlag(y))m =Y for i = 1, ey N.

2.2. Stability of positive and conservative schemes

Here we recall the main theorem from [16] that we use for the subsequent stability investigation. The theorem
provides sufficient conditions for the stability analysis of non-hyperbolic fixed points, i.e. fixed points y* of a
map g: D — D with D C RV, where the Jacobian Dg(y*) of g at y* possesses at least one eigenvalue A with
[A] = 1. We consider the following stability notion of y*.

Definition 2.2. Let y* be a fixed point of an iteration scheme y"*! = g(y™), that is y* = g(y*).

(a)  y*is called Lyapunov stable if, for any € > 0, there exists a § = §(e) > 0 such that ||y® —y*|| < J implies
ly™ —y*| <€ for all n > 0.

(b)  If in addition to (a), there exists a constant ¢ > 0 such that [|[y® — y*| < ¢ implies ||y" —y*|| — 0 for
n — oo, we call y* asymptotically stable.

(c) A fixed point that is not Lyapunov stable is said to be unstable.

In the following we will also just speak of stable fixed points. A common result concerning the stability of
fixed points is the following.
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Theorem 2.3 ([25, Thm. 1.3.7]). Let y"*! = g(y") be an iteration scheme with fived point y*. Suppose the
Jacobian Dg(y*) exists and denote its spectral radius by p(Dg(y*)). Then

*

(a) y* is asymptotically stable if p(Dg(y*)) < 1.
(b) y* is unstable if p(Dg(y*)) > 1.

This theorem does not provide us with a criterion for the analysis of fixed points that are stable but not
asymptotically stable, which must belong to the class of non-hyperbolic fixed points. Nevertheless, it gives a
sufficient condition for detecting unstable fixed points. Still, the case of p(Dg(y*)) = 1 is not yet covered by
Theorem 2.3, and thus, we use the following theorem from [16]. For a better reading flow we first introduce
some notation.

Since we have assumed that the system y’ = Ay has exactly k > 1 linear invariants, there exist ny,...,ng
forming a basis of ker(AT). Similar to [16], we introduce

n{
N=| : | eRM¥
n;
as well as the set
H={y e RY | Ny = Ny*}, (6)

and repeat the following theorem on the stability of an iteration in its explicit form, i.e. y**! = g(y™).

Theorem 2.4 ([16]). Let A € RN*N such that ker(A) = span(vy, ..., vg) represents a k-dimensional subspace
of RN with k > 1. Also, let y* € ker(A) be a fized point of a map g: D — D where D C RN contains a
neighborhood D of y*. Moreover, let any element of C = ker(A) ND be a fized point of g and suppose that
g’D € C! as well as that the first derivatives of g are Lipschitz continuous on D. Then Dg(y*)v; = v; for
1=1,...,k and the following statements hold.

(a) If the remaining N — k eigenvalues of Dg(y™*) have absolute values smaller than 1, then y* is stable.

(b)  Let H be defined by (6) and g conserve all linear invariants, which means that g(y) € H N D for all
y € HND. If additionally the assumption of (a) is satisfied, then there exists a § > 0 such thaty® € HND
and ||y° — y*|| < & imply y* — y* as n — oc.

We want to note that according to [12, Rmk. 2.4], g € C?(D) is enough to conclude that g‘D € C! has
Lipschitz continuous derivatives for an appropriate neighborhood D.

3. STABILITY INVESTIGATION OF MODIFIED PATANKAR SCHEMES

In [15,16], a novel stability investigation has been developed for conservative and positive time integration
schemes. To that end, Theorem 2.4 was applied to a family of second order MPRK methods and it was shown
that all fixed points are unconditional stable, i.e. stable for all At > 0. Recently, also families of SSPMPRK
schemes have been investigated inside this framework [12]. In this section, we extend those investigations and
consider modified Patankar schemes based on several Runge-Kutta methods. Thereby, the schemes are linearly
implicit, so that the function g satisfying y"*! = g(y™) is in all these cases implicitly given by solving linear
systems. By the same reasoning as in [12], one can verify that g € C? for all schemes under consideration. The
main idea for proving this is to show that the functions ®; defined by the numerical scheme are in C? and that
g is obtained by solving only linear systems with a unique solution.

Similarly, all schemes preserve positive steady states with the same arguments as in [12] or [27, Prop. 2.3].
Thus, in order to apply Theorem 2.3 and part (a) of Theorem 2.4, we need to compute the eigenvalues of the
Jacobian of g evaluated at some steady state y* € ker(A) N D°. However, to use also part (b) of Theorem 2.4,
we need to prove that g additionally conserves all linear invariants.
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In order to compute Dg(y*) we follow the approach as in [12,16] introducing functions ®; and several
Jacobians. The functions ®; arise from rearranging the equations for the s stages of the numerical method
leading to

qu)j(yn,y(l)(yn)’,y(])(yn)>’ j:L"'asa
0=t (y".y V3", ¥ 37 8))-
Note that ®;(xo,...,%;) is a function of j 4+ 1 vector-valued variables while ®,,1 (%o, ...,Xs,y) depends on
s+ 2 variables. As mentioned above, in all cases we will find ®;, ®,, 41 are in C2, so that we may define
0 0
D,®, =—®,, DP, =—P,,
J I J Ly 0%, J (8)
for 5,0l =1,...,s with [ < j, and
D,® = i@ D,® = i*i) D, 1P = 2'1) (9)
n*xnt+l — 8x0 n+1; 1 Fn+1l — aXl n+1; n+1*n+l1 — ay n+1;
forl =1,...,s. Moreover, the operators D indicate the evaluation of the corresponding Jacobian at y*, y® (y*)

et cetera, e.g. DX®y = D, ®y(y*, y M (y*),y? (y*)). As we interpret y*) = y*)(y™) we also introduce the
Jacobian

D*y™ = Dy®(y").
With that we can derive a formula for computing Dg(y*), where y"*! = g(y") is the unique solution to (7).
The chain rule yields

J
0=D;®;+ ) D;®D"y", j=1,....s,
=1

0=D;®,.,+ Y D&, ,D'y" +D;, &,,,Dgy"),
=1
which can be rewritten to

j—1
D'y = —(D;®;) " (D:‘:In + ZDz‘@jD*y“), j=1...s

=1 (10)

S
-1
Dg(y*) = —(D;, 1 ®ny1) (DZ‘I)nH + ZD;*@"HD*y(”),
1=1
if all occurring inverses exist. Also, in order to avoid long formulas in the following, we may omit to write the
functions ®; together with all their arguments.

Stability of MPRK(3,2)

In [27] a novel three stage, second order MPRK method has been developed and investigated numerically.
The scheme has shown favorable properties and is given by

1 y(‘l) y(l)
gV =y Atz<pij(y")]n —dij(y")= )

; y; v
(2) _ Dij (y ) +pzj (y ) Y, i (y ) + ij (y ) Y;
Y; —yf—&—AtZ( 1 O 1 Nolk (11)
j Y; Yi
gAY pis(y") + iy (YD) +dpyy (v ) 0T diy () +dig (y1) +4di (y?) !
vooTu , 6 ) 6 yO )
J J 7
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Note that this scheme is steady state preserving as the stages are uniquely determined and y"t! = y(® =
y1) = y* is a valid solution. Hence, writing y"*! = g(y*) we obtain g(y*) = y@ (y*) =y (y*) = y*.
Next, we apply MPRK(3,2) to (5) which, due to (4), yields in matrix vector notation the following identity

0=(1-AtA)y® —y" = &,

and we obtain

D;®, =-1 and Dj®; =1- AtA. (12)
The second stage can be written as the linear system
. At -1/
0=y"+ TA diag (y(2)> (diag(y(l))) (y” + y(l)) —y® =@, (13)

This equation can be transformed using the fact that diagonal matrices commute and diag(v)w = diag(w)v
for all v,w € RY, yielding

Py, =y" + %A diag (y" + y(1)> (diag(y(l))) _1y(2) —y® (14)
=y"+ %A diag (y(2)> <diag(y”) (y(1)> B + 1) —y®, (15)

where 1 = (1,...,1)T € RY as well as (y~!); = y;l fory € RYy and i =1,..., N. Hence, we find
(13) At (15) At (14) At

D<I>2_I+—A Di®, = A D;®, 2A—I. (16)
With analogous steps as before, the final step reads
At . -1
0=y" + FA diag(y H'l) (dlag(y(l)) ) (y" +y® 4+ 4y(2)) —y"H =@, (17)
Using again the above mentioned calculation rules, we get
At -1
P, =y"+ ?A diag (y" +y® 4+ 4y(2)> (diag(y(l))) y it — gl (18)
n At : n+1 . n (2) (1) -1 n+1
=y +?Adlag(y ) dlag(y + 4y )(y ) +1)—y". (19)
Therefore,
At
D@, L1+ A, Di®,,, = —fAtA
. 6 (20)
Did,,, D2 SALA, D!, = AtA-L

Since o(A) C C~, we conclude that the inverses of the following matrices exist. We obtain from (10):
Dy = —(Di®,) 'Di®, = (I—- AtA)™!

_ At -1 At At
Dy = (i (D DDy = - (Fa-1) (14 YA~ Tan-am))

1
Dg(y") = — (D5 &) (D* &, +Di®, . DyD ¢ D§<I>n+1D*y(2)>
At
— (I— AtA)~ (I + A fAtA(I ~AtA) !

-1
—3AtA(A2tA — I) (I + gA — gA(I — AtA)” ))



A STUDY OF THE LOCAL DYNAMICS OF MODIFIED PATANKAR SCHEMES 2325

Hence, eigenvectors of A are eigenvectors of the Jacobian Dg(y™*). By substituting z = AA¢ for some X € o(A),
we obtain the stability function R(z) for MPRK(3,2) with

1 4 34182 —12

1—2 6 6(1—2) 3(z-2) 4 4(1-=2) 6(1—2)%(z—2)’

so that
o(Dg(y")) = {R(AAL) [ A € o(A)}.

Before we analyze this stability function, we want to point out that, due to (18),

nTg(yn) — nTyn—i-l _ nTyn
holds true for all n € ker(A) as nTA = 0. Hence, the map g generating the iterates of the MPRK(3,2)
scheme conserves all linear invariants of the linear test problem. As a consequence, all conditions for applying
Theorems 2.3 and 2.4 are met. It remains to prove that |R(z)| < 1 holds in order to conclude the stability of
the fixed points as well as the local convergence towards the corresponding steady state solution y* satisfying
n’y? = nTy* for all n € ker(AT).

Proposition 3.1. The stability function R(z) = % satisfies R(0) = 1 and |R(z)| < 1 for z € C~\{0}.

Proof. Obviously, it is R(0) = 1. Then, we investigate |R(z)|? for z = iy and y € R. Elementary calculations
yield for the denominator of |R(z)|?:

16(1 — 2)%(z — 2)|* = 144 + 32432 + 216y" + 36y°,

where the numerator gives
|23 + 182 — 12| = 144 + 324y* — 369" + ¢/°.

Due to the even powers of y, it is obviously that for y # 0, we have |R(iy)| < 1. Since R(z) is a rational function
with poles' at z = 1,2, we see that R(z) is holomorphic for all z € C~. We can apply the Phgramén-Lindel6f
principle? on the union of the origin and the interior of C~ and deduce that |R(z)| < 1 for all z € C~. With
the maximum principle, we know that |R(z)| = 1 is only possible on the imaginary axis since R is not constant.
Therefore, it follows |R(z)| < 1 for all z with Re(z) < 0. O

From this result, we can follow as a direct consequence of Theorem 2.4:

Corollary 3.2. (a) Let y* be a positive steady state of the differential equation (2). Then, y* is a stable fized
point of the MPRK(3,2) for all At > 0.
(b) Let y* be the unique steady state of the initial value problem (2), (3). Then, the scheme MPRK(3,2)
converges towards y* for all At > 0, if y¥ is close enough to y*.

Remark 3.3. We want to mention that as long as the stability function R(z) = ggj; with polynomials N, D
satisfying deg(NN) < deg(D) and D(z) # 0 for all z € C~, we can conclude |R(z)| < 1 for Re(z) < 0 whenever
|R(z)| <1 holds on the imaginary axis with the same reasoning as in the proof of Proposition 3.1.

Moreover, we point out that the Phragmén-Lindelof principle can also be applied to different sectors of C~.
Indeed, according to [3], all eigenvalues of a proper Metzler matrix A € RV*Y with 0 € 0(A) CC~ and N < 4
lie in the sector S = {z € C™ |arg(z) € (%71’, %W)}. Hence, for investigating a scheme when applied to a system
with at most four equations, it suffices to investigate the stability function on the boundary of S rather than
the imaginary axis. This approach might be useful to give first insights into the stability of a scheme whose

analysis for the general case is more involved.

INote that the stability function is always well defined on C~ as otherwise a Jacobian of some ®; must have been singular.

2A special case of the principle is concerned with a holomorphic function f on the interior of C~, which additionally is continuous
on the imaginary axis and growths slower than the function exp(C|z|?) for some C > 0 and p € [0,1). For such a function it is
possible to conclude |f(z)| <1 for all z € C~ if this inequality holds true on the imaginary axis [24, 26].
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Stability of MPRK43(«, 3)

In the following part, the third order accurate MPRK43-family from [18,19] will be analyzed, which can be
written as

1 al y(‘l) yo)
( ) = =y + a21AtZ<pij(y”)yjn —dij(y")=5 >7
j

j=1 Yi
N

y
y1 = yz Z <<a31ng + a32Pij\Y ( (1)>) ﬁ
P n 75

(yj ) (47)

ot e ) )

N
Z: ((/Blpu + 52]91] ( (1))) M (22)

®)
— (Bidis(y") + Bodis (yV y)
( 145y 2 J(y ))(1(1)) (y?)l—%
n+1

Yyt =y + At Z ((bﬂ%] ) + bapij ( (1)) + b3psj (y(Q))) ?j(g)

j
B (bldij(y”) + body <y<1>> +53dij< (2 )))z;"(:)

where p = 3az1(as1 + as2)bs, ¢ = az, B2 = T and 51 =1 — [a.

We want to note that in [18] the stages are labeled vy, y@ v and o, however, the first stage reads
y() = y™ and can directly be inserted into the further stages. As a result, the first non-trivial stage is the
second one, which we denote by y(») here. As a result of this shift in superscript numbering, the stage o
corresponds to y®) in our framework. We performed these changes in order to be consistent with our notation
and to reduce the number of functions ®; by one. Also note that by the same reasoning as above, this scheme is
also steady state preserving so that y™* = y* > 0 yields y(V)(y") = y* fori = 1,2,3 and g(y") = y" "' (y") = y*.

The Butcher tableau with respect to the two parameters is defined by

0
(07 «
5| BaBO-0)=5* B(5-0) (23)

a(2—3a) a(2—3a)
‘1 + 2—=3(a+B) 3B8-2 2—3a
6ap 6a(f—a) 66(B—a)

with
2/3 <3< 3a(l—a) 1/3<a<?
3a(l—a) < B <2/3% for { 2/3 < a < ag, (24)
Ja-2 < 3<2/3 a > ag,

and ag = 0.89255.
We follow the steps from MPRK32 and obtain

0= (I — a21AtA)y(1) — yn = @1.
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The Jacobians of ®; with respect to y” and y() are
D:q)l =-I and DT¢1 =1- aglAtA.

For the second step, we obtain the linear system

“1\ 7 1 1-1
0 =AtA diag(y(2)) ((diag(y(l))) ) ((diag(y")) ) (a31yn + a32y(1)) +y" —y® =,
In order to compute the Jacobians of ®; with respect to y™ and y1), we introduce

£(x,y(x)) = diag(x)" (a1x + a2y (x))

for some k, a1, as € R, where y(x*) = x*. We see that

(aif(x"”(x*’)) = i () (i + 02, )

ij

=0 (k(x;‘)kfl(al + a2)xf + (xf)kal)

= (diag(x*)k) (k(a1 +a2) + a1).

ij

Hence, the derivatives of ®, are given by the following terms, using az; + ass = 5:
. 1
D ®;, =1+ AtA(( - 1>ﬁ—|—a31>,
p

D}{@Q = AtA (-5 + a32>,
p
D;®, = -1+ BALA.

Next, ®3 satisfies
1
. . -1\ ¢ ) _1 1-1 L 5
0 =AtA dlag(y(3)) (dlag<y(1))) ((dlag(y")) ) (ﬂly” + By’ )) +y" —y®) = &,

The derivatives are given by the following terms, using 31 + S = 1 and (27):

1

D ®; = I+AtA( -1 +ﬂ1>,
q

1
D;®; = AtA (-q —|—ﬁ2>,

D;®; =0,
D;®; = —1+ AtA.

Finally, the last step can be written as

~1
0 =y" + AtA diag(y" ") <(diag y(3)> > (bly” + boy ™ + bgy@)) —y"tl =@, .

2327

(25)

(30)

(31)

Note that from this equation we can conclude that the generating map g conserves all linear invariants as

n” A = 0 implies nTy" = nTy"+1,
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Furthermore, the derivatives are given by the following terms, using by + by + b3 = 1:

D &, =1+bAtA,
Di®, .1 = byAtA,
D;®, .1 = bsAtA, (32)
D;®,1 = —AtA,

D, &, 1 = AtA - L

With o(A) C C~ the inverses needed for (10) exist and we get
Dy = —(D*®,) 'D:®, = (I— aAtA)?,
D'y = - (D3#:)” (D} ®2 + Dj@:D'y )

_ 1 _
= (I— BAtA)? (I + AtA((p - 1)5 + a31> + AtA (—g + a32> (I— aAtA) 1),
D'y® = _(Di@;) " (D;;<1>3 +D;®;D*yD) + D;@gn*y@)) (33)
= (I-AtA)! <I + AtA(l -1+ ﬁ1> + AtA <1 + 52) (I aAtA)1>,
q q
=1

3
* * -1 * * *
Dg(y") = — (D}, 1®nt1) <Dn‘I>n+1 +) D;®,,D y(l)>.

The stability function can be computed similar to the one of MPRK(3,2) and is given by

3z +Z((p )ﬁ+a31)+ Toaz z<1+2(%71+51)+ e )
1—Bz - 1—=2

1—=2

1+ bz + {22 +
R(z) =

It can be reproduced in our repository [13], that this stability function can be rewritten in the form

4 .
ijo n;zl

R(z) = ,
) Z?:o d;z

where
ng = 1, do = 1,
nm=-(1+a+p), di =—(a+[+2),
—6(1 4 B)a® + (662 + 3)a® + (662 =36+ 1)a+2(3— 1)

2= 6a(8 — ) ’
_(66—-3)a®— (662 + 1)+ (33> + B —1)a—2(3 - 1)
" 6a(3— ) ’
do = (B+2)a+28+1, ds = —(a+ [+ 2a0),

n4:—(é+(ﬁ—;)a>7 dy = af.

An analytical investigation of the stability function of MPRK43(«, 3) for arbitrary finite sized systems N x N
is outside the scope of this paper. This is due to the fact R is a rational map in o, and z € C~ and by
expanding R such that the coefficients of 27 are polynomials in o and 3, we see that the maximum total degree
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(A) (B)
FIGURE 1. The stability domain of MPRK43(%, %) is highlighted in grey and depicted on two
rectangles I; and I. The two linear segments are given by Re(z) = —10|Im(z)|. The angle

between the two linear segments is approximately 168.58°. (a) I; = [—0.1,0] x [—3, 3] and (b)
I = [~6,0] x [~3,3].

appearing in the numerator and denominator is deg(a?(3%2%) = 8. But it can be seen that |R(2)| < 1 is not
true for all (o, 3) satisfying (24), see for instance Figure 1, where the stability region is highlighted in grey for
(a7 /8) = (%’ % :

Nevertheless, if we restrict ourselves to the case outlined in Remark 3.3, i.e. we investigate R for systems
with N < 4, we can prove that MPRK43(«, 3) schemes are stable as we will find that |R(z)| < 1 on

50— {z € C\ {0} | arg(2) € (%ﬂ ZW) }

Note that for (a, ) = (3, %) the largest cone inside the stability region contains the sector S, see Figure 1. Hence,
to see the instability properties of MPRK43(%, %) numerically using a linear positive PDS (5), Theorem |3,
Thm. 10] and a small calculation reveals that we would have to consider a proper Metzler matrix A € RV*N

with N > 32.
Proposition 3.4. Let R be defined by (34). Then R(0) =1, and, if

d3d4 — N3Ny S 0, n% - d% S 0,
ning — neng — didg + dad3 <0, (35)
?’L% — dg —2n4 +2d4 <0, —ning +dide +n3 —ds <0,

then |R(z)| <1 holds true for all z € 5° = {z € C~\ {0} | arg(2) € (37, 27)}.

Proof. The following rather technical computations can be reproduced using our repository [13]. First, ng =
dp =1 yields R(0) = 1. Next, we make use of Remark 3.3 and investigate R on 95, i.e. we substitute z = re'?
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with r > 0 and ¢ € {37, 27}. We obtain
4 N 4 i )2
(ijo rin; COS(]QD)) + (ijo rin, sm(]go))
. , 2 ‘ - 2"
(Z?:o rid, cos(jgo)) + (ijo rid; 51n(j<p))

Next, note that |R(rel¥)|? < 1 is equivalent to

|R(7’ei"o)|2 =

2 2 2 2

4 4 4
ernj cos(jo) | + ernj sin(jo) | —
7=0 7=0

SR

I
o

ridjcos(jp) | — erdj sin(j¢)
J 7=0
= (n — d})r® + (2n3na — 2dzds) cos(p)r” + (4(nany — dads) cos(p)?
—2ngng + n3 + 2dads — d3)r® + (8(ning — didy) cos(p)? (36)
+(—6n114 + 21303 + 6d1ds — 2dads) cos())r® + (16(ng — ds) cos(p)*
+4(nins — dyds — 4ng + 4dy) cos(p)? — 2nins + n% + 2d1ds — d% + 2ny — 2d4)r4
+ (8(713 — d3) cos(p)? + (2n1ng — 2d1dy — 613 + 6d3) cos(cp))r3
+ (4(n2 — dg) cos()® +nT — di — 2ns + 2ds)r* + (2n1 — 2dy) cos(p)r < 0.

Dividing by r > 0 and exploiting cos(%w) = cos(gw) = —\/g we have to prove that

(ni - d?l)?"7 + (—Tl3’/l4 + d3d4)\f27’6 + (TL% — d%)’/‘s + (n1n4 — Naong — d1d4 + deg)\[QT4
+ (ng — dg — 2TL4 + 2d4)7"3 + (771177,2 + d1d2 -+ ns — d3)\/§7’2
+ (n% — d%)’f‘ + (—’ﬂl + dl)\/§ < 0.

The coefficients of 7/ can be written in terms of a and 3 resulting in

C7=ni—d§:(;a—a2>5+f—z+?}6, cg = dzds — ngna,

cs = nj3 — d3, ¢4 =ning — nong — didy + dads, (37)
c3 = n% — d% — 2n4 + 2dy, ¢y = —ning + dids + ng — ds,
co=n}—d?=—(2a+26+3) <0, co=dy —n; =—-1<0.

Let us consider ¢7, which is linear in . The coefficient of 3 is a parabola in « and vanishes for & = 0 or a = %
Since for v = i € (0, %), the coefficient reads % — % > 0, we can conclude that the coefficient of 3 is negative
for all o > % Now since 3 > i, the biggest value of ¢7 can be obtained for g = %, resulting in

1 f,g+i<,i+ifo
T\Y1) T 12736~ 12 736
Additionally, we assumed that ¢, ..., cs < 0, so that |[R(z)| < 1 on S° follows from Remark 3.3. O

Remark 3.5. We want to note that the assumption (35) of Proposition 3.4 can be easily verified for a given «
and (. Indeed, it can be demonstrated that the assumption is always met for «, § satisfying (24), however, an
analytical proof is outside the scope of this paper. Instead we present 3D plots of (35) in the Appendix A, see
Figures A.1-A.5.

From this result, we can follow as a direct consequence of Theorem 2.4:

Corollary 3.6. (a) Let y* be a positive steady state of the differential equation (2) with N < 4. Then, y* is a

stable fized point of MPRK («, 8) for all At > 0 and «, 8 satisfying (24) and (35).
(b) Ify* is the unique steady state of the initial value problem (2) and (3) with N < 4 and if y° is close enough
to y*, then the MPRK («, 3) iterates converge towards y* for all At > 0 and «, 3 satisfying (24) and (35).
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Stability of MPRK43(~)
Already in [18] another MPRK43(y) has been proposed. It is based on

(38)

wlrowln O

win
5]
5]

AN ‘ Wl
N[N
|
2
2

with 2 <~ < 2. The scheme reads

(1) S v y"
Y; Zy?JrazlﬁfZ(Pij M) = di(y") T >7

= Y; Yi

y.
ylgz) = y1 + At Z ((aglp” + a32pPij (y(l))) L]—
y‘ P

=y + At Z <(ﬁ1pu )+ Bapij ( (1))) (y(l))z(izj(yn)%ll w
' J

— (B () + s () ) ((11/(3)>1_>
n+1 =y + Atz ((bﬂ?m JF bQPW ( (1)) T bgpij (y(z))) yj(vS)
B (bldij(yn) + bady (y(l)) + bzdy; ( (2))) (3)1>

where we again renamed the stages to be consistent with our framework. Moreover, the parameters above are
given by

4 2
p = 3az1(as1 + asz2)bs = 3" g=an =g,
1 1
S =1-pB ==
B Sag. 1 B2 B

Following exactly the steps from before, we obtain ®; = 0 for ¢ € {1,2,3,n 4+ 1} where
B =y" + anAtAyH -y,

Py =y" + AtA diag( ) (dlag<y ))_% (diag(yn))%il <a31yn + a32y(1)> -y,

»Q\»—A

3 =y" + AtA diag( (3)) (dlag(y )) (diag(y™))7 " (ﬁly” + 62y(”) —y®,

@41 =y" + AtAdiag(y"t) (dlag(y ))71 (b1y" T by 4 b3y(2)> — gt



2332 T. IZGIN AND P. OFFNER
Note that nT A = 0 again leads to nTy" = nTy"*! = nTg(y") proving that the scheme conserves all linear
invariants. Furthermore, y" = y*) = y"*1 = y* with k = 1,2, 3 solves &1 = ®y = 3 = ®,,+1 = 0 so that also
this scheme is steady state preserving for positive y* € ker(A). Hence, we need to compute Dg(y*) to apply
Theorems 2.4 and 2.3. We get D} ®; =1 and D] ®; = a21AtA — I, which leads to

D'y = (I — ag AtA)™"

Next, using (27) we have

1
D;@Q =1+ AtA((p — 1> (CL31 + a32) + agl),
. 1
Di®, = AtA (—p(a:n +asz) + a32),
D;@z = AtA(GJSl + a32) - Ia

which determines D*y(?) but we omit to write it down here for a better reading flow. Furthermore,

Di®; = AtA<—;(51 + B2) + 52>7

D;®3; =0,
D;®s5 = AtA(B + B2) — L

Finally

D:®,. 1 =1+bAtA, DIi®, 1 =bAtA, Di®,, = bsAtA
Di®, 1 = —AtA(by +by+bs), D5y @iy = AtA(by + by +bs) — 1.

The stability function is thus determined by (10) reading

z -1 a a a
zbs (1 + z((% — 1)(a31 + az2) + a31) + (Zplantas)+ 32))

1 by =2
R(z)=——|1+2b
(Z) 1—=2 +Zl+1—za21 l—z(a31+a32)
(1
z(l —I—z((l - 1)(51 + B2) +ﬁ1) + W)
B q 21 (40)
1—2(B1 + B2)
3 —4
O DA S (e e
IR Gl vl - (1 Tyt 1,‘22) - =2 52t 472842322 — 422 418

1—2 N 2(2z — 3)2(z — 1)2

Note that the stability function is independent of the parameter 7, so that the following investigation is valid
forall%ﬁ’yg%

Proposition 3.7. Let R be defined by (40). Then |R(z)| < 1 holds true for all z € C~ \ {0} and R(0) = 1.
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Proof. A straightforward calculation yields

4 )
R(z): St 528 +f§z2——z+1 Ejzoajz]
4 .9
(gz—l) (z—1)2 Zj:objzj
where
a=1, a S a _z a _ a )
0o— 4 1 — 3; 2_187 3_187 4 — 187
10 37 20 4
bp=1, bij=——, by=—, bg=——, by=—.
0 , 01 30 2 g U3 90 =g

Hence R(0) = 1 and, additionally, we follow the proof of [12, Prop. 3.6], i.e. all we have to prove is that

(af — b3)y® + (—2a2a4 + a3 + 2b2bs — b3)y°
+ (2a4 — 2a1a3 + a3 + 2byby — b3 — 2b4)y* + (—2a2 + af — b + 2b3)y* < 0

for all y # 0. We denote by ¢ the above coefficient of y*. A small calculation reveals

B <0, I <0 S <0, =0
7108 @ TT3q ST 4T 2 =5
which finishes the proof due to the even powers of y. (I

From this result, we can follow as a direct consequence of Theorem 2.4:

Corollary 3.8. (a) Let y* be a positive steady state of the differential equation (2). Then, y* is a stable fized
point of MPRK () for all At > 0 and % <7< %
(b) Ify* is the unique steady state of the z'm'tial value problem (2), (3), then, the scheme MPRK () converges

towards y* for all At >0 and << 3 1 if vy is close enough to y*.

4. STABILITY INVESTIGATION OF MODIFIED PATANKAR DEFERRED CORRECTION SCHEMES

Arbitrarily high-order conservative and positive modified Patankar Deferred Correction schemes (MPDeC)
were introduced in [22] and is based on the Deferred Correction approach developed in [8]. A time step [t", t"T!]
is divided into M subintervals, where "9 = ¢t and "™ = t"*+1. The idea of the scheme is to mimic the Picard-
Lindelof theorem as follows. At each subtimestep t™™ and each correction step k, an approximation 3™ *) is
calculated. During each of the K correction steps the approximation of the numerical solution is increased by one
order of accuracy. The modified Patankar trick is introduced inside the basic scheme to guarantee positivity and
conservation of the intermediate approximations. Using the fact that initial states y? k) = y;* are identical for
any correction k, the MPDeC correction steps can be rewritten for k=1,..., K, m=1,..., M andi=1,...,N
as

m(k) m(k)
m J(k—1 Yy (.o J(k—1 Yo (iger) _
Yy - 20 Atz p’( )) m,(k—1) —d”< )) m-n | =0 (41)
y'Y(J i,07m) y'y(i,j,(ﬂ”)

where 0" are the correction weights and the index function (j,,67") is defined by

7(]57”97')_{@'7 977””<0
We also want to note that y*(?) = y” holds true for all s = 0,..., M by definition. The new numerical solution

when applied to (5) is y" ! = yM(K),
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By means of an affine linear transformation of the interval [t",¢"*1] to [0, 1], the M transformed subintervals
are determined by 0 = t° < ... < t™ = 1. Then the correction weights can be computed according to the
formula

tm

o= [ enttya
0

where ¢,. is the rth Lagrangian basis polynomials defined by the subtimenodes {t™}M_/
Due to the iterative correction process, MPDeC schemes are more complicated than the previous schemes,

especially since the index function changes the weights of production and destruction terms. Since v depends on

the sign of 67", we introduce the nonnegative part 6,, + = max{0, "} and nonpositive part 6,, - = min{0, 6" }.

It is worth mentioning that

_ £ 167

mo= 42
r,+ 9 ( )
and
gm — o, o <0,
" 0y, o >0
as well as 0" + 0", = 0;". With that, we split the sum appearing in (41) into two sums containing 6;", and
o, respectlvely For the separated sums, we know the value of v(j,,60") so that we introduce the positive
part
-1
pr () (yr,(k71)7ym,(kfl)’ym,(k)) _ Adiag<ym,(k)> (diag(ym,(kq))) g (=1 (43)
as well as the negative part n™(*) given by
. N ym,(k) v, m, (k)
8 () )y 0) 37 <pij (yr=) W —dy (y ) ym(k_l)> (44)
Jj=1 i J

fori=1,...,N,r=0,...,Mand k=1,...,K. Using p;;(y) = dji(y) = ai;y; for i # j and p;;(y) = dis(y) =0
this can be rewritten as

7, (k) k—1 k-1 k & (k=1) _ r(k=1) m’(k)
ng ) (yn Ty By () "o (h—1) Za”y] Zaﬂ =1 (45)
J?’ﬁl j;ﬁz
Utilizing these vector fields, the iterates from (41) satisfy

0_@m<y yLk=1) ”,yM,(kq),ym,(k)) g 207 +Atp ( r,(kq)’ym,(kq),ym,(k))
u (46)

_ Z Gx_Atnr,(k) (yr,(k—l))ym,(k—l)’ ym,(k)>

r=0

fork=1,..., Kand m=1,..., M.

Furthermore, analogously to the Jacobians introduced in (8) and (9), we write DX®}" to represent the
Jacobian with respect to the entries of the vector y* for some z, evaluated at (y*,...,y"™®) (y*)). Finally, we
introduce similar notations for the Jacobians of p™*) and n™*) with respect to y*.

Also note that MPDeC schemes are steady state preserving as plugging in y™*) = y" = y* ¢ ker(A) into
(41) yields a true statement. Hence, y™ ) (y*) =y* forall k=1,..., K and m = 1,..., M.

With that, we are able to compute Dg(y*) for MPDeC schemes as the next theorem states.
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Theorem 4.1. Let g : Révo — RQ’O, implicitly given by the solution of (46), be the generating map of the
MPDeC iterates when applied to (5). Furthermore, let y* € ker(A) NRY, be a steady state of (5).
Then, g € C? and the Jacobian of g evaluated at y* is given by

Dg(y*) = Dy,

-1 M 47
D;y™® = —(Dj, (@1 (D:fb? + (1= 6w) ZDi,@l)‘I’?DZy"(k‘”) i
r=1
form=1,...,.M and k=1,...,K. Thereby, 0;; is the Kronecker delta and
—(I + At(A + diag(y*)AT(diag(y*))*l) SSM gm ) k=1
D; e = rofr-)y B2 (18)
—(I+ 0" AtA), k>1,
as well as
—0"AtA, s=k—1>0, 0<l#m,
D (@ = § T, 0 AtA = D om At (diag(y*)AT (diag(y*) 1) — BALA, s =k —1>0,1=m,
I- Zﬁo 07 AtA + ZTM:O o7 At diag(y*)AT (diag(y*)) ™", s=k, l=m. )
49

Proof. Since the 0 are fixed for a given scheme, the functions ®7* are in C? and as a consequence of solving
only linear systems, the map g is also in C2. Furthermore, the formula (47) follows analogously to (10), whereby
we want to point out that the sum appearing in (47) is multiplied with 0 for & = 1 since y™*~1 = y™ in this
case. Hence, we only have to prove the formulas (48) and (49). For this, we compute the Jacobians of each
addend of the sums in (46) separately by considering (43) and (45).

Let us start proving (48), first considering k = 1. From (43) and y*(®) = y™ for all s = 0,..., M it follows
that

p'r,(l) <yn7yn7ym,(1)> _ pr,(l) <yn7ym,(1)> _ Aym,(1)

and hence, D p"(!) = 0. Moreover, (45) for k = 1 yields

ym,(l) N N ym,(l)
(1 (1 ; j
n;“( )(yn’ynvym,(l)) _ n;’( )(ynvym,(l)) _ zyn Zaijy? . y? Zaji Jyn .
toog=l j=1 J
J#i J#i
Hence, using 1 € ker(AT), we obtain
P LN N 1 N
,(1 * *
P nni( )(y*,y*):—ﬁzaz‘jy;—zajiZ** _Zaijyj + aiiY;
Yi Yi 5o j=1 Yi j=1
J#i J#i J#i
(50)
1 N
=— |- Zaijy; +2a;y; | = 2a;,
Y; =
———
(Ay*)iZO

and for g # i we find
0

(1) _ Y
@”; (Y5 ¥") = aig + ag

*

g,
*
q
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Altogether, we obtain

y YT
a1 a21ﬁ ale;V

D;nrv(l) = A+ ar2ys - =A+ diag(y*)AT(diag(y*))fl7

5
1

aNN
and thus,

D® = — (I + (A + diag(y*) AT (diag(y )At Z or )
Next, for k > 1 it follows from (43) that

D:p"®) = §0A.
Similarly, Dfln"(k) = 0 if r» # 0. Furthermore,

O(k) (y y ,(k—1)7ym,(k))

m, (k)
T 1) Z%yj Zaﬂ

m,(k—1)
77&1 J#z
yields
0 o0k), « a
g (yy"y") = —;aﬁ—am
i
aigng’(k)(y*,y YY) =aig, i# G,

so that D*n"*) = §,4A. This results in

D; @7 = —(I+ (05" + 05", ) AtA) = —(I+ 65" AtA),
proving (48).

To derive (49) consider first the case s =k —1 > 0 and 0 < ! # m. From (43) it follows immediately that

D;‘}(kfl)prik) =5.A.
Moreover, (45) yields

N
8 r,(k * % %
WW( oy .yt yt) = ~00 Y aji = Snaii,
Y; —
J#i
0

()(
ay (k—1) i

Y55 YT) = 0naig, i F#q,

which means that D;"(kfl)n“(k) = 6,1 A for I # m. In total (46) gives us

Sy ®E = —ALO + 67 )A = A A
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Next, we investigate the case of s =k —1 > 0 and | = m. Using diag(v)w = diag(w)v and (43), we obtain

—1
D:@’(k, P (k) — D* (k1) <A dlag( m,(k)) diag(ym’(k_l)) yr,(k—1)> _ _(1 . 67‘m)A~

Furthermore, recalling (45), i.e
m, (k)

r(k r,(k— m,(k— k (k—1 r k—1
¢ >(y (k=1) ym,(k=1) ym ()) (k 1)2%% )y )Zaﬂ LR
J?él j;éz
we also distinguish between 7 = m and r # m. In the first case we see n/"*) = p™ ") (ym.(k=1) ym.()) and
0 mk) (50)
Gy YY) = —j Zaw% Zaaz = 20,
' J#l J#Z
9 ! yi (1) . -1 :
ma O y) = a2 (A ding(y) AT (ding(y) ) L i
9Yq Yq q

which means that D:@y(kfl)nm’(k) = A + diag(y*)AT (diag(y*))~!. Turning to the case r # m, we find

L v(k)(y vy :_72 *(5_)a
Dy " Y3 ’
Jsﬁz
9 T(k) yz (5 1) * T(3: 1\ —1 .
— yLyhy diag(y")A" (diag(y , 1#4q,
S YY) = e ' (dina(y ) AT (ding(y7) ),

resulting in DY, ;)n ~(k) = diag(y*)AT (diag(y*)) " for 7 # m. Altogether, we thus end up with
D, @ = Za AtA — Zom At (dlag )AT(diag(y*))*l) —9TALA.

Finally, we have to consider the case s = k and [ = m, i.e. we have to compute D (k)<I>’,;“. Using diag(v)w =
diag(w)v and (43) once again we see that

Dfn,(k)pr’(k) =A.

Furthermore, we obtain

P (k) y.,y,y )= y . 'Ljyj - ity
yz g ];1
VE)
o i 6D (o o))~ :
Ty y) = —ap s ) —(diag(y) AT (ding(y) ) i a
9yq Yq iq
resulting in
D}, =I- Z 0" AtA + Z 0™ At diag(y*)AT (diag(y*)) "

r=0
With this, we have finally proven Theorem 4.1. O
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The distribution and number M of the subtimesteps as well as the number of iterations K determines the
order of accuracy of the scheme. In the following, we will use equispaced and Gauss—Lobatto points. To reach
order p, we use K = p corrections and M = max{K — 1,1} subintervals for equispaced point distributions.
Focusing on Gauss-Lobatto, a higher-order quadrature rule is applied®. Here, we use M = ceil( K /2) subintervals
and K=p corrections. We will denote the pth order MPDeC method by MPDeC(p). Note that MPDeC(1) is
equivalent to the modified Patankar-Euler scheme and MPDeC(2) is equivalent to MPRK(2,2,1) investigated
in [15]. Due to y"*! = yM:(K) MPDeC conserves all linear invariants, if M >0 for all r = 0,..., M since in
this case the index function yields 7(j,i,0M) = j and (41) can be written as

M -1
yn+1 oy Z GyAtA diag(y”“) <diag (yM,(K—1)> yr,(K1)> =0,
r=0
which means that n”y"*! = nTy" for all n € ker(AT). Indeed, for equispaced nodes, 6 with r = 0,..., M are

the weights of the closed Newton—Cotes formulas for integrals over I = [0, 1]. Hence, a negative  occurs for the
first time at M = 7, i.e. with MPDeC(8). In this case, we also have to consider n">(¥) (y™(K—1) yM,(K=1) ynt1)
given in (44), resulting in

n+1 n+1
nTnr(K) (yr,(K—l),yM,(K—1)7y ) Z ng—2i M (K - < r(K— 1)) Z ny—d M(K 5 (yr,(K—l))
3,j=1 Yi i,j=1 1
(K-1) y ! (K1)
r,(K—1 r(K—-1
zm wite lp”(y ) - znj i (D),
i,j=1 Yi i,j=1 Yi

where we switched indices and used d;; = pj; for the last equality. We observe that n’n"®*) does not need
to vanish for n ¢ span(1), so that the preservation of all linear invariants can not be guaranteed anymore for
arbitrary systems (5) and MPDeC(p) with equispaced nodes and p > 8.

Moreover, in the case of Gauss-Lobatto nodes, the values 20M for r = 0,..., M equal the weights of the
corresponding Gauss—Lobatto quadrature, which are always positive. As a result, MPDeC with Gauss—Lobatto
nodes conserve all linear invariants when applied to (5).

Remark 4.2. From Theorem 4.1, we see that the Jacobian in general depends on y*, if there exist negative
correction weights 67"*. For equispaced or Gauss—Lobatto points this is already the case for K > 2. Hence, to
study the stability of MPDeC schemes applied to general linear systems, one needs to locate the eigenvalues
of the Jacobian, which possibly depend on y* themselves. Such an analysis is outside the scope of this work,
which is why we will focus on the following class of problems.

If A is normal, then A and A” share the same eigenvectors and the corresponding eigenvalues are the
complex conjugate of each other. Since 1 € ker(A”) this means that even 1 € ker(A). Hence, we may discuss
the stability of y* = 1. Then, we find

o(ri(A) + ro(diag(y*)AT (diag(y*)) ™)) = {ri(\) + r2(A) | A € o(A)}

for any rational maps ri, 72, which means that the spectrum of the Jacobian of the map g generating the
MPDeC iterates can be written only in terms of the eigenvalues of A. Using (47)—(49), the stability function

3The L2 operator inside the DeC framework is based on a collocation method with Lobatto nodes (also known as the RK
Lobatto III A method).
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R, of MPDeC(p) for normal matrices A and y* =1 can be computed by

L+ (2 +2) Sty 07

Rm’(l)(Z) = y
1- (Z Zf«wzo 0?}—}- ZZT‘ 0 r—)
gL o Rt - (2D, o - s o —zom ) RMEN() (52)
Rm,(k)(z) _ r#m ,

1- (zzyzo@?ﬁ ZZT 0 r, )
Ry(z) = RM5)(2),

for k = 2,...,K and m=1,..., M. Note that if A is symmetric it is also normal and we obtain ¢(A) C R, so
that one can further simplify (52) to

R () = 1+2zzr 00
ZZT=O|9;r‘n|
) 1462+ 230, omRrG-1(z) — z(zﬁi oo — 9%)37”,(@—1)(,2) (53)
R 0(z) = = ,

11—z jom|
Ry(2) = RM)(2),

using 6;", +60;"_ = 0;". It is also worth mentioning that for the system matrix

a=(00) (54)

with a,b > 0, used in [15,27], we find that ker(A) = span(y™*) with Z—; = g, and thus

—aal
ding(y") AT (ing(y ) = (79 ) = A
.

so that the stability function R, in this case is also given by (53).

Deferred Correction schemes are described by an iterative process which can be compared with classical
RK schemes with more stages [2]. As MPDeC and DeC share the same amount of stages, we thus know that
MPDeC(3) contains 5 stages using equispaced point distributions. Furthermore, MPDeC(4) has already 10
stages inside for equispaced points distributions, resulting in a rational function with polynomial degree 10 in
the numerator and denominator. Using Gauss—Lobatto nodes decreases the number of stages. For an MPDeC(4)
we would end up with seven stages. By going even to arbitrary high-order the stability analysis would even
become more complicated. Therefore, we avoid a theoretical analysis of the stability functions and investigate
them numerically.

To give a first insight in the stability properties of MPDeC, we analyze the reduced stability function (53).
In both cases described in Remark 4.2, the eigenvalues of A leading to (53) are real, so that it is no loss of
generality to restrict ourselves to the 2 x 2 case with A given in (54).

In Figure 2, we present the absolute value of the stability function over real z. To obtain a stable scheme,
the absolute value of R(z) has to be always smaller than one (the black line). In Figure 2a, we investigate
MPDeC from order 4-14 using Gauss—Lobatto points. As can be recognized all MPDeC methods are stable
using Gauss—Lobatto points. In Figure 2b, the stability functions of MPDeC schemes from 4th to 14th order
are depicted for equispaced nodes. Here, we recognize that MPDeC(12) and MPDeC(14) are unstable but
MPDeC(13) is stable. However, this is not surprising since already in classical DeC using equidistant points has
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FIGURE 2. Absolute value of the stability function over z (a) Gauss-Lobtto points and
(b) Equispaced points in MPDeC.

been problematic for high-order methods, ¢f. [8,9,22,27] and references therein. The reason for this is related
with classical interpolation theory where it is known that equidistant points should be avoided. However, we
would like to point out that our investigation supports as well the numerical investigation in [27] where problems
in MPDeC-equidistant have been also recognized.

5. NUMERICAL EXPERIMENTS

In the following part, we verify the theoretical results of our considered modified Patankar schemes by
numerical simulations. For the MPRK schemes we will consider more general systems where for the MPDeC
schemes we restrict ourselves as described above to a 2 x 2 system.

5.1. Numerical simulations of MPRK schemes

Due to our investigations in Section 3, all the considered MPRK schemes are unconditionally stable theoret-
ically and our numerical experience will demonstrate this as well. For comparison, we will focus on the same
tests as suggested and investigated in [12,15,16]. We consider the following three different settings:

(1) Test problem with exclusively real eigenvalues.
(2) Test problem with complex eigenvalues.
(3) Test problem with double zero eigenvalues.

Test problem with exclusively real eigenvalues

As the first test, we consider the linear initial value problem (IVP)

-2 1 1 1
y =10 1 -2 1 |y withy(0)=19]. (55)
1 3 -2 5

The IVP (55) has only positive off-diagonal elements inside the matrix and is therefore a Metzler matrix.
Together with the positive initial values, this ensures that each component of the solution of the IVP is positive
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FIGURE 3. Approximation of (55). (a) At =0.05 and (b) A = 25.

for all times. The eigenvalues are given by A\; = 0, A2 = —300 and A3 = —500 and the analytical solution is
given by
5 -1 0
y(t) =C1 3 + co 0 67300t + c3 -1 67500t
7 1 1

with (e1,co,c3) = (1,4,6). The steady state is given by y* = (5,3, 7)7. The zero eigenvalue is simple and hence
we obtain exactly one linear invariant given by 17y. Therefore, the positive system is also conservative, e.g.
Zle y;» = 15 for all n € Ny. To demonstrate the stability of the MPRK methods, we select three different types
focusing on MPRK32, MPRK43(0.5) and MPRK43(0.9,0.6). In Figure 3, the analytical and numerical results
are shown. In Figure 3a, we plot it using to a comparably small time step of At = 0.05, whereas in Figure 3b
the time step is At = 25. In both cases our approximated solution converges towards the fixed point even for a
big time step. Note that we still have oscillations except for the MPRK32 scheme, we refer again to [27] for a
more detailed investigation on this topic.

Test problem with complex eigenvalues

The second test is the IVP

-4 3 1 9
y' =100 2 —4 3 |y withy(0)= [ 20 |. (56)
2 1 -4 8

The system matrix in (56) is a Metzler matrix and we have the eigenvalues \; = 0, Ay = 100(—6+1i) and A3 = \.
The analytical solution is given by

13 -1 1
y(t) = | 14 | —2e759% [ cos(100¢) | 0 | —sin(100¢) | —1
10 1 9

57

1 -1 (57)

—6e~ %% [ cos(100t) [ —1 | +sin(100¢) [ 0
0 1
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FIGURE 4. Approximation of (56). (a) At = 0.025 and (b) A = 25.

and the steady state is y* = (13,14, 10)7. Also in this case a rapid decrease to y* can be expected through the
behavior of (57). In Figure 4, we see again the numerical solution compared to the analytical one. All schemes
are stable and converge towards the steady state solution. The conservation property is ensured as well and can
be recognized in Figure 4b.

Test problem with double zero eigenvalues

The third test is the linear IVP

-2 0 0 1 4
0 -43 0 . 1
y =100 0 4 —4 o |¥with y(0) = 9 (58)
2 0 0 —1 1
The system matrix in (58) is a Metzler matrix with double zero eigenvalues A\; = Ay = 0. Therefore, we
obtain besides 17y (the conservative property), a second linear invariant n”y with n” = (1,2,2,1)7. Using
the remaining eigenvalues A3 = —300 and \y = —700 and corresponding eigenvectors, the analytical solution is
given by
0 1 0 1
_ 1 0 —700t —300t [ O
y(it)=c 4/3 teal g | Fese + cqe 0
0 2 0 1
with (e1,c¢9,c¢3,¢4) = (30/7,5/3,—23/7,7/3). The steady state will be reached quite fast and it is given by
y* = %(7, 90, 120,70)7. In Figures 5 and 6, we see the numerical results for our selected schemes for different

At. All schemes converge to the steady state solutions and preserve both linear invariants as presented in the
figures.

5.2. Numerical simulations of MPDeC schemes

We consider the initial value problem

25 25\ 0.998
y'= ( 2 —25>y with y(0) = (0.002>‘ (59)
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FIGURE 5. Approximation of (58) with At = 0.05. (a) MPRK32, (b) MPRK43(0.5) and
(c) MPRKA43(0.9,0.6).
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FIGURE 6. Approximation of (58) with At = 25. (a) MPRK32, (b) MPRK43(0.5) and
(c) MPRK43(0.9,0.6).

The nonzero eigenvalue A = —50 and the analytical solutions is given by

y(t) = % G) 0.498 ( _11 ) e 70t

The steady state is given by y* = (0.5,0.5)7. In Figure 7, the numerical and analytical solutions are plotted for
several different MPDeC schemes.

From our investigation in Section 4, we know that using Gauss—Lobatto points leads always to stable and
conservative approximations as can be also recognized in Figure 7Ta, however, for equidistant points, we obtain
problems inside the approximation for higher-order approximations. This can also be seen in our numerical
approximation for the IVP (59) in Figure 7b. As we mentioned earlier this behavior is not surprising since
already the classical DeC method (without using the modified Patankar trick) has problems for high-order
approximations, i.e. for 8th order or higher, if equidistant points are used. Obviously, MPDeC(14) is unstable
and alternates around the steady state solution. Nevertheless, we can obtain a stable discretization for this test
case if we decrease the time step. We can estimate the time step using the eigenvalue A = 50 and the value
z* &~ —9.403 satisfying |R(z*)| = 1 in Figure 2b. From z = At we thus find the bound At < 0.188. In Figure 8,
we see an unstable behavior for At = 0.2 whereas for At 2 0.17 also MPDeC(14) converges to the steady state
solution. Indeed, increasing At up to 0.188 to obtain stable approximations, however, the convergence rate will
also be quite slow and we need more time to reach the steady state.

Note that the presented theory only claims a local convergence of the iterates towards the steady state. This
can be seen, for instance, in the last example from [27, Fig. B.9], where it is shown that the stable MPDeC(8)
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FIGURE 8. Numerical approximation of (59). (a) At = 0.2 and (b) At ~ 0.17.

scheme does not converge to the correct steady-state. Nevertheless, if we violate the stability condition, we can
start arbitrary close to the steady state solution, and still, the iterates will not converge to y*. To clarify this,
we change our IVP (59) to the following condition

-0.5 0.5 . . 6 1
y = < 0.5 _0'5>y with y(0) = y* + 10 6(_1). (60)

In Figure 9, we plot the numerical solution ys calculated with order MPDeC(14) using equispaced points. The
time step is selected with respect to the eigenvalue A\; = —1, so that At = % = [z| holds. In Figure 9b, we see a
slow convergence against the steady state. In Figures 9c and 9d, the conditions for convergence are not fulfilled

and we see this also in our figures. A similar behavior can be seen for y; analogously.

6. CONCLUSION

In this paper, we have investigated the stability conditions for several modified Patankar schemes. We were
able to demonstrate that the MPRK(3,2) scheme proposed in [27] and the MPRK43(+) schemes from [18] are
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stable considering general positive linear N x N systems. Further, we provided the stability functions for the
MPRK43(a, 3) schemes and investigated it for N < 4. For a fixed method, the conditions (35) can easily be
checked whereas through a numerical study we have concluded that these conditions should be as well fulfilled
for the general parameter selection. However, a formal proof is still missing. This remaining investigation will
also be part of future research. We were also able to compute the stability function for MPDeC schemes and
investigated the schemes numerically. We have seen that using Gauss—Lobatto points, we always obtain a stable
scheme whereas for equispaced points stability issues have been recognized for higher-order methods and large
At. This fact is not surprising since already DeC methods show stability issues if equispaced points are used
and also the investigation in [27] confirms those problems. We have seen that the At bound can be estimated
from stability functions and eigenvalues.

In the future, we plan to continue our investigation in several directions. First, we aim to investigate
MPRK43(a, 3) and MPDeC in more general setups. Furthermore, we will consider non-conservative Patankar
systems as the ones proposed in [5]. Later, we combine MP schemes with proper selected space discretization
and consider hyperbolic conservation/balance laws as it was already successfully done in [6]. However, it is not
clear what the stability and convergence properties of such combined schemes are.

APPENDIX A.

We perform a numerical validation that Assumptions (35) are always fulfilled for the general parameter
selection.

FIGURE A.1. Plot of (—ajas+biby+az—b3)(3—a)? from (35). (a)

(b)3a(l—a)<B<2<a<apand (c) 222 < B< 2 a < a.
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FIGURE A.2. Plot of (a3 — b3 — 2a4 + 2bs)(8 — «)? from (35). (a) 3 <a < 2 <3< 3a(l—a),

(b)3a(l—a)<p<2<a<apand (c) 2222 <8< 2 o< .

FIGURE A.3. Plot of (a1as—azaz—b1bs+b2bs)(B—a)? from (35). (a) 3 < a < 2 < < 3a(l-a),

(b)3a(l—a) <B<2<a<apand (c) 2222 <3< 2 a < a.

FIGURE A.4. Plot of (a2 — b3)(8 — @)? from (35). (a) + < «
3a(1—a)§6§%§a§ao and (c) g *g Sﬁg%,agao.
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FIGURE A.5. Plot of (b3by — azas)(B — «)? from (35). (a)
3a(lfa)§ﬁ§%§a§ao and (c) 30‘73 Sﬂg%,agao.
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