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1. Introduction

Epidemics affect everyone’s lives. Due to frequent and long-distance traveling infectious diseases can spread rapidly,
demanding more and more victims. Moreover, altered conditions caused by the climate change result in temporal and
spatial changes in the source of infections. It is therefore of high importance to predict the outbreaks as accurately as
possible. Besides collecting the data on past and present epidemics, the use of mathematical models offers a forecast
capturing the main characteristics of an epidemics (such as the number of infected individuals). Since mathematical
epidemic models are of a form of rather complex ordinary or partial differential equations, their exact solution cannot be
determined. Instead, an approximation is computed by applying certain numerical methods.

The mathematical modeling of epidemics originates from the early twentieth century. A summary of the first attempts
can be found in [1, Section 1.4]. Already Sir Ronald Ross, being awarded the Nobel Prize for the discovery of the malarial
parasite, was convinced about the need of mathematical tools in epidemiology (see [1] and the references therein). The
first epidemics models were proposed by Kermack and McKendrick in [2]. Their seminal work has lead to a large amount
of completion and development of their model, making epidemic modeling a research field being promising in terms of
social benefits.

An important direction of developing epidemic models is the consideration of latent period, the time when a person
is infected but is not infective, that is, the time from when the infected is really able to infect another individual.
Incorporating the latent period leads to a system of differential equations with delay. In case of delayed epidemic models,
the temporal change in the model’s unknown quantities (usually the number of susceptible, infected, and recovered
individuals) do not only depend on their values at the actual time level but also on their values in the past (i.e. the latent
period ago). Solution of delayed epidemic models needs efficient numerical methods which provides fast and accurate
results.

In the present paper we propose a numerical method based on the use of Magnus method being originally developed
for nonautonomous problems by Magnus in [3]. We show that the delayed epidemic models can be written in a quasilinear
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form, and our approach leads to a positivity preserving and convergent numerical method which computes the numerical
solution in an efficient way.

In Section 2 we introduce the Magnus-type integrator being studied in the present paper. Section 3 deals with
the positivity preservation and convergence of Magnus-type integrator when applied to quasilinear delay equations. In
Section 4 we show that our results concerning the convergence and positivity preservation are valid for delayed epidemic
models. In Section 5 numerical experiments are presented to illustrate the theoretical results.

2. Magnus-type integrator

In this section we introduce the Magnus-type integrator, and present three important convergence results from the
literature which will be needed later on. For an arbitrary d € N, we consider the following nonautonomous evolution
equation for the continuously differentiable unknown function Y: R — R? where A(t): RY — R is a linear operator for

all t > 0 and w € R%:
Y'(t) = A(t)Y(t), t>0, )
{ Y(0) = Yo. (1)

If problem (1) is well-posed, then for all t > 0 there exists a linear operator €(t, 0): RY — R, such that the exact solution
has the form Y(t) = e®-9Y, for all t > 0. We note that (e}, . is an evolution family possessing the following
properties (see e.g. in [4,5]):

(a) (T, T) is the identity for all T > 0,

(b) eS¥T3.T2)efT2.T1) — eAT3.T1) holds forall0 < Ty < T, < Ts,

(c) the mapping (T;, Ty) — ™21 is strongly continuous,

(d) 2T < Me®T2=T1) holds for some M > 1,2 e Rand forall 0 < T; < T».

An approximation of operator 2(t, 0) is based on the infinite series expansion of Y(t) introduced in his seminal paper [3]
by Magnus, and it reads for all m € N as:

Q%¢,0)=0,

t o0
ak (2)
Qm(t, 0) /0 ad - 1(s.0)A(S)ds,

where By, k € Ny are the Bernoulli numbers and adg"] A= [, adg"_”A] is the iterated commutator with ad[g] being the
identity. The convergence of the Magnus expansion (2) has been extensively investigated in the literature, see e.g. in [6,7],
and the review [8]. We cite now the result of Moan and Niesen which gives a sufficient condition for the convergence.

Theorem 1 (Theorem 3 in [9]). Let A(t) be a real integrable matrix, and let Y denote the solution of problem (1). If the relation

t
/ JA(s)ll2ds < 7
0

holds, then the Magnus series (2) converges, and its sum (t, 0) satisfies &0y, = Y(t).
Based on series (2), the corresponding approximate solution has the form
yIm(r) = ey, (3)

and is called the Magnus method. We cite the corresponding convergence result.

Theorem 2 (Theorem. 2.1 in [10]). For the Magnus method (3), there exists a constant C > 0, being independent of t, such
that ||Y(t) — Y!™I(t)|| < Ct™ holds for all t > 0.

In what follows we consider the case m = 1, and use the notation Y!(t) =: y(t). Then the Magnus method (3) with
Yo = Yp is written as

t
y(t) = ey with  Qll(t, 0) = / A(s)ds. (4)
0
For further use, we give the general formula for all T, AT > 0 real numbers:
AT
QUNT + AT, T) = / A(T +s)ds. (5)
0

We note that the additivity of the integral implies the following relation:
QT + AT, 0) = QU(T, 0) + Q™(T + AT, T). (6)
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In order to define a numerical method later, we need another form of Magnus method (4). We define a time step 7 > 0
and the time levels t, = nt for all n € Ny. Then formulae (4), (5), and (6) with T = t,;, and AT = t lead to the following
form of the Magnus method:

T
(1] (11 (1] (1]
tysr) = €70y, — e Mrrangl™n0ly, — earsrinyy) — expl [ Aty + 5)ds)un). 7)
0

The Magnus method (7) still consists of an integral which we need to approximate by a quadrature rule to get a numerical
method. We use the midpoint rule and get

Wtnsa) = e Dy(y),
We denote the approximation of y(t,) at the time level t, = nt by, for all n € Ny. Then we obtain the Magnus-type
integrator as follows:

'}',*n+1 — erA(tnwL%)’}';n (8)

with Yo = Y. For further reference we cite here the results of Gonzalez et al. reformulated for operators acting on the
d
space R.

Theorem 3 (Theorem 2. in [11]). Suppose that the operator A(t): RY — RY is uniformly sectorial for t € [0, T). Thus, there
exist constants a € R, 0 < I' < w /2, and My > 1 such that A(t) satisfies the resolvent condition
My
Alt)— A7 < ——

i -0 =
for any A lying in the complement of the sector Sr-(a) = {A € C: |arg(a — 1)| < I'} U {a}. Suppose further that A is Lipschitz
continuous, that is, there is a constant M, > 0 such that the estimate

lACE) — A(S)II < Ma(t —s)
holds for all 0 < s <t < T. Then there exists a constant C > 0, independent of n and t, such that the error estimate

1Y (tn) =Vl < CT>(118'lloo + 11" llo0)
holds with

ga(t) = (A(t) — Aty + 3))Y (1)

! !
= max max t
Ig'lloo = max max fig,()l

lg"llc = max max g, (t)]l
neNg teftn,ty1]

and t,.1 < T, whenever the right hand-side exists.

From now on C > 0 denotes a generic constant.
3. Magnus-type integrator for quasilinear delay equations

We present now how the Magnus-type integrator (8) can be applied to quasilinear delay equations, show that it
preserves the positivity, and prove its second-order convergence.

Delay problems arise in numerous application fields where the system’s temporal change depends on the system’s
past state(s) as well. They represent differential equations where the derivative does not only depend on the actual value
of the unknown function but also on its values in the past. In what follows we treat quasilinear equations where operator
Q(w):RY — R? is linear for all w € RY, § > 0 is the time delay parameter, and ¢:[—8, 0] — R? is a given continuous
function representing the history of the system. Then we are for the continuous unknown function Y: R — R satisfying
the quasilinear delay equation of the form

Y'(t) = Q(Y(t — 8))Y(¢), t>0,
{ Y(s) = ¢(s), s e [=8,0].

We note that for § > 0, the value Y(t — §) is given for all t > 0. Therefore, the linear operator Q(Y(t — §)) is also known.
The quasilinear delay equation (9) fits in the framework of problem (1) with the operator defined as

A(t) =Q(Y(t — ) (10)

for all t > 0. For the operator A defined in (10), an arbitrary T > 0, and t, = nt, n € Ny, the Magnus method (7) has the
form

(9)

it = exp( [ Q(Y(s =) ds)tn)
0
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where Y is given on the interval [—3§, 0]. The exact solution Y is again approximated by the Magnus method (7) itself.
Altogether we obtain
Htwsr) = exp( [ Q) ds)yten)  with
0
oty —8+5) for t, +s € [0, 4),

S5 = exp(f0 Q (4t —28+$))déj)y(tn —58) for ty+s €[5, 25),

exp(/OSQ(y(tn —25+8)) dg)y(rn —8) for ty+s>26.
The Magnus-type integrator is derived by approximating the integrals by appropriate quadrature rules. In the formula for
¥(tn+1) we use the midpoint rule:
Wtnsr) ~ "0 EDy(ry),
and in the approximation of 37”(5) we use the left rectangle rule:
¢ty — 8+ 3) for t, € [0, §),

Ya(5) = { eyt _s§) for t, €[5, 26),
e2QU@=2yt, —§) for t, > 25.

In order to proceed, we choose an arbitrary number N € N, and define the time step as t = §/N. We suppose that the
Magnus series converges, e.g. A(t) is integrable and t satisfies the convergence criterion in Theorem 1:

/ JA(s) 2 ds < 7. (12)
0

Then the Magnus-type integrator for quasilinear delay equation (9) has the form

Vo = ey with
d(ta — 8+ 3) forn=0,1,...,N—1,
Vo= { ez@=20y " for n=N,...,2N—1,
e3Qnan)y  for n > 2N.

(13)

In what follows we analyze the Magnus-type integrator (13) in terms of positivity preservation and convergence,
moreover, in Section 4 we apply it to epidemic models.

In many physical/chemical/biological applications the unknown function should be positive (e.g. mass, pressure,
concentration, population), unless one gets unreliable solutions. Thus, it is desirable that the numerical method preserves
the sign of the solution, too. In what follows we give a sufficient condition for the positivity preservation of Magnus-type
integrator (13).

Definition 4.

(a) A vector having nonnegative elements only, is called a positive vector.
(b) A matrix W € R%4 is called a Metzler matrix if its off-diagonal elements are nonnegative.

Remark 5. Ford € N, let W € R% be an arbitrary matrix and w € R? be a positive vector. Then [12, Lemma 5.3.a]
states that e w is a positive vector if and only if " has only nonnegative elements. Moreover, [12, Thm. 7.1] states that
e" has only nonnegative elements if and only if W is a Metzler matrix.

Corollary 6. Ford € N, let W € R%*? be an arbitrary matrix and w € R? be a positive vector. Remark 5 implies that e" w
is a positive vector if and only if W is a Metzler matrix.

Proposition 7. Let Q: R? — R4 be a function such that Q(w) is a Metzler matrix for all positive vectors w € R% Then
the Magnus-type integrator (13) preserves the positivity, that is, y,+1 iS a positive vector for positive vectors y, and ¢(t),
t € [-4,0].

Proof. We remark first that if Q(w) is a Metzler matrix then tQ(w) is that as well for all t > 0. The Magnus-type integrator
(13) has the form

— eTQ(yn)y

Ynt1 n-
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By Corollary 6 it suffices to show that the vector
¢(tn—8+ ) forn=0,1,...,N—1,
Vo= e3Q@=2)y \ for n=N 2N—1 (14)
e3Qn-2nly  for n > 2N
is positive for all n € Nyp. We distinguish the following cases.
(i) Forn=0,...,N — 1, the vector y, = ¢(t, — 8 + ) is positive.
(i) For n = N, we have yiy = 22~y where ¢(—8) and y, are positive vectors by assumption. Thus, 3Q(¢(—38)) is
a Metzler matrix and therefore yy is a positive vector by Corollary 6.
(iii) Let n = N +1,...,2N — 1. Then ¢(t;, — 28) is a positive vector and hence 5Q(¢(t, — 23)) is a Metzler matrix.
Moreover, it holds that for indices
m=n—-N-1=0,...,N—2
the vector ypq = e'@Umly, \ = e"@WEm—3+3)g ¢ — §) is positive by step (i) and Corollary 6. Hence, y,_y is a
positive vector, too.
(iv) For indices n > 2N we proceed by induction. We saw that there was an index k € Ny such that vector y, was
positive for alln =0, ..., k. Therefore the assumption on Q and Corollary 6 imply that
vector y,1 is positive foralln =0, ..., k. (15)
Our aim is to show that Vi, is a positive vector. The cases k < 2N were shown in steps (i)-(iii), therefore, we
consider the case k > 2N. Then formula (14) yields

_ ezka 2N)

37k+1 Yk-N-

Sinceny ==k —2N —1 < kand n; :==k—N — 1 < k, the assertion (15) assures that the vectors y,, 1 = Yn—oy and

Yny+1 = Yn—n are positive. Therefore, i1 is positive again by Corollary 6. Then the positivity of ¥, for all n € Ny
follows by induction.

Since we obtained that Y, is a positive vector for all n € N, Corollary 6 implies the positivity of vector y,,, = erQny,
for all n € N, as well, which was to prove. O

Our next aim is to analyze under which conditions the Magnus-type integrator (13) is convergent to the exact solution
of problem (9). In what follows, for a function F: R — RY and a number p > 0, the notation F(t) = O(z?) means that
there exists a constant C > 0 such that the relation ||F(z)|| < CtP holds for all T € [0, T]. We need a technical lemma.
Lemma 8. For matrices W, Z € R¥? and K := max{||W||, |IZ||}, the following estimate holds:

Je — e[ < eiw —zJ.

Proof. By the matrix exponential and the telescopic identity we can write

00 _lk—l
Z M k_ k|| — - k—1—¢ _ ¢
=B 2|5 2] = |5 S -2

o] 1 k—1 00 1 k—1 0 kchfl
k—=1—¢ ¢ k=1 _ _
<D L IWITIW = Zjiz) < 30 DKW~z = Y = W - 2]
k=0 " £=0 k=0 = ¢=0 k=0
K+ > Kk

K
W=zl =) 5 IW =2zl =eIW -]
k=0

I
Mg

(k—1)!

=
Il

1
which was to prove. O

Assumptions 9. Let Q:RR? — R?*¢ be a function which satisfies the following.

(a) The matrix Q(w) € R%*¢ has nonpositive real eigenvalues.

(b) Function Q is Lipschitz continuous for positive vectors, that is, there exists a constant Ly > 0 such that [|Q(v) —
Q(w)]l < Lgllv — w]| for all positive vectors v, w € R4,

(c) Function Q is bounded for a bounded set of positive vectors, that is, there exists a constant My > 0 such that
1Q(w)]l < Mq holds for a bounded set of positive vectors w € R4,

(d) Function Q is twice differentiable with bounded derivatives for a bounded set of positive vectors.
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Proposition 10. Under Assumptions 9, the Magnus-type integrator (13) is convergent of second-order, that is, there exists a
constant C > 0, independent of T and n, such that the error estimate ||Y(t,) — yn|l < Ct? holds for all n € Ny and T > 0 with
t,=nt €[0,T].

Proof. We first observe that the initial error vanishes. For all n € Ny, lety,, be the solution defined in (8) with the operator
A defined in (10):

?n+1 — erA(tn+%)37n — erQ(Y(tn—zH—%))j/\n.

Since Assumptions 9 imply that the operator A(t) = Q(Y(t — 8)) satisfies the assumptions of Theorem 3 with a = 0, we
have

1Y (1) = Yupall = O(z2). (16)
The triangular inequality yields the following estimate on the global error:
ent1 = Y (tar1) = Yurall < 1Y (tar1) = Vurall + Va1 = Yarall, (17)

where the first term on the right-hand side is ©(z?2) by relation (16). Our aim is to estimate the second term on the
right-hand side of (17). By using the telescopic identity we obtain the estimate

[Vn+1 = Yniall = H HefQ(Y(fk —5+5)y, — Hefqu Yo H

k=
<Z H [eratiasranferatrtiors —efQ(y”lll_IlleT“’”ll 1Yoll
j=0 k=j+1

where 3, was introduced in (13). By the assumption on the eigenvalues of Q(w), we have [|e/¢™)|| < 1 for all t > 0 and
positive vectors w € RY. Thus, we can further write that

n
Pnsr = Ynia ] < Y e @G2H2) — @@ v, (18)
j=0

(*)

where the term (x) is a kind of local error to be estimated next. In what follows we use the exponential form of the
matrices and the telescopic identity:

oo
et ; 1 . -
x) = o) — e = 37 (rQ(v( — 5+ 50)" ~ (vQG) "
m=0
oo m—1
1 i . ~ ~
<D > QU (a =8+ DI HITQUY(G — 6 + 5)) - TGl ITQGI*
m=0 k=0
-y 15 MM T L (1Y (G — 8 + 5) — Vil T*ME = Mo SHL Aj=te™MLy A
_Zm'k T Q tho (G =8+ 3) =il Q_Z(m_l)!Ql—Te Q4
m=0 =0 m=0

4j
Here we used Assumptions 9/(c) for the bounded sets {Y(t), t € [0, T]} and {y,, n € Ny with nt € [0, T]} of positive
vectors. Since e™2 = (1), we have

(%) = O(1)A4;. (19)
The term A; can be computed from formulae (13) as
0 for j=0,...,N—1
Aj=1 IY(G—8+5)—ez®@i=2Dy, ) for j=N,...,2N —1
IY(t —8+1)—e2@i-Ny, v for j=>2N.
Since the exact solution Y is given by an evolution family, we reformulate it as
Y( —54+z ) et~ —6+3 O)Y — oSUG— =845t~ 8)aS2t=3, O)Y — oG- —8+35.tj— S)Y(t —9).
Forj=N,...,2N — 1, we use the triangular inequality to get the estimate

Qtj—8+% .8 z i—28 z i—28
Aj < eG4 2:570) — @2 QG201 y(g; — )| + [le2 2@l |1y (g — 8) — yj_nl .
N e’

() <My =1 gon
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Here Yy, is the bound on the exact solution over the compact time interval [0, T]. It exists because Y is given by an
evolution family which is strongly continuous, that is, Y is a continuous function over [0, T], hence, bounded. To bound
the term (xx*), we use Lemma 8 and consider

12t — 8 + 3. & — 8) — 3Q(o(t; — 20))]

<|at-s+35.5-5- /Or/z Q(t; — 26 +s))ds| + | for/z Q(L — 26 +)ds — 5Q((1; — 26))].

The definition (10) of operator A and formula (5) with the choice T =t, — §, AT = £ leads to

T
2
/2 7/2
/ Q(¢(tj — 28 +5))ds = / Aty —8+s)ds= QM-8+ 5,5 — ).
0 0

Hence, the first term on the right-hand side equals ©(t2) by Theorem 2. Since the second term corresponds to the local
error of the left rectangle rule, it is of O(z?), too. Altogether we have

Aj<O(t?)+ey forall j=N,...,2N —1. (20)
For j > 2N, we proceed similarly:

Aj < e+ 5:570) _ e3QU-aN) | |1y (6 — 8)|| 4 22028 Y (t — 8) — yjnl -
——

(s4%) <My =1 &-N

The term (% * %) is approximated based on Lemma 8 as

T /2
| =+ 5.5 -0 - Jawa] < ot =5+ 5.5-0- [ atris— 25+ syas]

/2 T T T
] [ et - 254 s - Sawvty - 200 + |Sacvs - 200~ Sy
0

As before, the first term is of O(t2) by Theorem 2, the second is the local error of the left rectangle rule being O(t?) as
well, and the third term is O(t)ej_on by the Lipschitz continuity of Q. Altogether we have

Aj < O(‘L’Z) + &N+ O(‘L’)E]‘,ZN for all j > 2N. (21)
Substitution of estimates (20) and (21) into formulae (19), (18), and (17) yields

n n
enr1 < O(TH) + O(1) Z &N + o(r?) Z &j—2N
Jj=N Jj=2N

for all n € Ny. Hence, we have the following cases.
Forn=0,...,N — 1, we obtain g, = O(z?).
Forn=N,...,2N — 1, we have

n
enp1 = 0(T*)+0(1) Y &y
j=N

where we use the previous case to obtain
enp1 = O(t2)+ O(1)(n = N + 1)1 O(1) = O(7?).
T
And finally for n > 2N, we use again the previous cases to obtain
ent1 = O(T3) + O(T)tn—n+10(T) + O(T*)ta_on+10(T) = O(7?).
Altogether we have &, = O(t?) for all n € Ny which was to show. O

In what follows we apply the Magnus-type integrator (13) to delayed epidemic models.
4. Magnus-type integrator for delayed epidemic models

Let S,I,R:RaL — [0, 1] denote the proportion of susceptible, infected, and recovered humans among the total
population, respectively. Their temporal change depends on various phenomena, from which we only consider now the
infection-related ones. Then the number of susceptible individuals decreases because they are in contact with infected
people and get infected. More precisely, the actual change in S(t) depends on S(t) itself and on that with how many
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infected people they met the latent period ago, that is, at time t — 8. The number of infected individuals naturally
increases with the same amount, and decreases with the number of people who recover. Based on this consideration
a compartment-type model can be formulated.

Let B > 0 denote the infection rate, y > 0 the recovery rate, and § > 0 the latent period. Then for all ¢ > 0, we
consider the simplest but most used delayed epidemic model (based on Kermack-McKendrick [2] and Cooke [13], but see
also in [14-17], and the references therein):

v I(t —8)
S0 = ’35(”1+a1(r—s)’

ey I(t—¢8) (22)
I(t)—ﬁs(t)iprm(t_s) yI(e),

R(t) = yI(t),

where the value of the parameter o depends on what kind of model we deal with:

o= 0 for bilinear incidence rate,
~ ] 1 for saturated incidence rate.

The incidence rate means the number of individuals who become infected in a unit of time. Initially, epidemic models
were formulated by using the bilinear incidence rate (as in Kermack-McKendric model [2]). The saturated incidence rate
was introduced in [18] (see also in [19]) but without taking into account the latent period. It contains the crowding effect
of infective individuals, and tends to a saturation value when the proportion of infected individuals gets large.

The initial condition to problem (22) reads as

S(0) = So, 1(0) = Iy, R(0) = Ry, and I(s) = ¢(s) fors e [-4,0] (23)

with Sp, Iy, Ry > 0 given numbers and ¢: [—4§, 0] — Ra“ given continuous function. We also assume that ¢(0) = Io.
Let Y: ]RO+ — (R§)3 be defined as Y(t) = (5(t), I(t), R(t)) for all t > 0. Then the epidemic model (22) can be written as
a quasilinear delay equation (9) with

—qw®) 0 0 Bu®
Quw)=[ quw® -y 0 |erR™ and qu?)=—— (24)
0 y 0 1+ aw®

for any vector w = (w™, w?, w®) e R3. Since the matrix function Q does not depend on the past values of S and R,
we can take S(s) = Sp and R(s) = Ry for s € [—§, 0) without the loss of generality. The initial function then reads as
@(s) = (So, ¢(s), Ro) for s € [, O].

Our aim is to apply the Magnus-type integrator (13) with Q defined in (24). Therefore, we split the interval [—4, 0]
into N € N pieces, and define the time step as T = §/N such that it satisfies condition (12). Since Q does only depend on
the past values of I, we could take any values of S,,_y and R,_y for n < N. In order to agree with the initial function ¢,
we consider S,_y = Sp > 0 and R,_y = Rg > 0.

In what follows we prove the positivity preservation and the convergence of the Magnus-type integrator (13) with Q
defined in (24).

Since epidemic models deal with population, it is natural to assume that the values of S(t), I(t), R(t) are nonnegative
for all time t > 0. Thus, we expect the same from the numerical method as well, that is, S;, I,;, R, > 0 should hold for all
n € Np.

Proposition 11. The Magnus-type integrator (13) applied to delayed epidemic model (22) preserves the positivity.

Proof. By Proposition 7 it suffices to show that Q(w) e R3*3 is a Metzler matrix for all positive vectors w € R3. Since
o, B,y > 0 holds and w is a positive vector, the off-diagonal elements of Q(w) in (24) are nonnegative. [

To prove the convergence we will need the following properties of the function Q.

Proposition 12. Let Q: RY — R4 be the matrix function defined in (24).

(a) The eigenvalues of matrix Q(w) € R3*3 are nonpositive real numbers.
(b) The matrix function Q is Lipschitz continuous for positive vectors.
(c) The estimate [|Q(w)|| < Bw'® + y holds for all positive vectors w = (w™, w®, w®) e R3.

(d) For a bounded set {w, € (R§)3, n € N} of positive vectors, we have [|Q(wy)|| < Mq for all n € Ny with some bound
MQ > 0.

(e) The matrix function Q is twice differentiable and estimates ||Q’(w)| < B, ||Q”(w)|| < 2aB hold for all positive vectors
w e R>.
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Proof.
(a) Since matrix Q(w), defined in (24), is a lower triangular matrix, its eigenvalues are the following:

Bw'?
X =0, A= —v, A3 = ———. 25
1 2= 3 T+ au® (25)

The positivity of vector w implies that w® > 0, that is, all the eigenvalues above are nonpositive real numbers.

(b) Let w = (wM, w®, w®) € R? and z = (z(V, z¥), z®) e R? be arbitrary positive vectors. With functions Q and q
defined in (24) we have

w(z))—q(z )) 0 0
IQ(w) — Q) = q(y N—qw?) 0 0 || =Ilgw®)—qz?)
0 0 O
2(2) w® — @
- "3(] +aw(2> 1+az(2))’ :ﬂ‘(l—}—aw(z))(l—i-otz(z)) ’

Since o € {0, 1} and w®, z® are nonnegative real numbers, the denominator is greater than or equal to one. Thus
we have the estimate

1Q(w) = Q@I = B+ [w® = 2P| < B+ max [w — 20| = - w —z|

proving the Lipschitz continuity of Q for positive vectors.
(c) For a positive vector w € R* we have

IQ(w) = q(w<2>) -y 0 w?)
0 -y 0
Buw®

— (2)
- 1+aw(2)+y§ﬂw tr

which was to be shown.

(d) The previous statement (c) implies that for a bounded set {w, € (R§)3, n € N} of positive vectors we have
1Q(wn)|l < Mq for all n € Ny with some bound My > 0.

(e) Let w = (w®, w?®, w®) e R3 be an arbitrary positive vector. Since Q maps from R3 into R**3, its derivative Q' can
be represented as a continuous and linear mapping from R to R?, which has only two non-zero elements +q'(w®)
and exists for all positive w vectors. The local boundedness follows from the nonnegativity of & and w®:

B

’ =g (W)= —"C <3
1wl = 1q' W) = oy < B
Similarly, for the second derivative we have the bound
208
/" — /! (2) = - <2 .
Q7 (w)ll = lg"(w*)| I(1+ aw®y| = op

These bounds were to be proved. O

We show now the convergence of the Magnus-type integrator (13) when applied to the delayed epidemic model (22).
We only need to check whether the assumptions in Proposition 10 are fulfilled for the function Q defined by formula
(24).

Proposition 13. The Magnus-type integrator (13) is convergent of second-order when applied to the delayed epidemic model
(22).

Proof. We have to check Assumptions 9 for the matrix function Q: R?* — R3*3 defined in (24).

(a) Proposition 12/(a) states that the eigenvalues of Q(w) are nonpositive real numbers for all positive vectors w.
(b) The Lipschitz continuity of Q follows from Proposition 12/(b).

(c) The boundedness of Q(w) follows from Proposition 12/(d)

(d) The differentiability and the boundedness of the derivatives follow from 12/(e).

Proposition 10 implies now the convergence. O
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Fig. 1. Numerical solution of the epidemic model (22) without taking into account the latent period (§ = 0) with parameters are « = 0, f = 4,
y = 1, initial values Sop = 0.7, Iy = 0.2, Ry = 0.1, and time step 7 = 0.01.

5. Numerical experiments

We illustrate our convergence result by numerical experiments done for the delayed epidemic model (22) with @ = 0.
Since in the computer code the initial function ¢ is given as a vector with entries ¢(t, — 8), n = 0, ..., N, we use the
approximation

¢(tn—8+§)%%(¢(tn—8)+¢(tn—5+r)) for n=0,...,N—1

in formula (13). We note that this approximation does not have any influence on the order of the Magnus-type integrator.

5.1. Role of latent period

Fig. 1 shows the solution to epidemic model (22) without taking into account the latent period, i.e.,, § = 0. We take
the parameters « = 0, 8 = 4, initial values So = 0.7, I = 0.2, Ry = 0.1, and time step r = 0.01.

In Figs. 2 and 3 we present two examples of the solution to the delayed epidemic model (22) with the same parameters,
initial values, and time step as before. The latent period § = 1 is incorporated in the equations with the respective history
functions

@(s) = lo, (26)
p(s)=1Io+ 1s (27)

for all s € [—8, 0] in (23). One can see that already the constant history function changes the temporal behavior of the
solution: the maximal number of infected individuals is less than in the case without latent period (cf. Fig. 2). The linearly
increasing history function introduces a new phenomena: The proportion of infected humans decreases at the beginning
of the time interval (cf. Fig. 3).

The importance of considering the latent period is made clear by Figs. 4 and 5 with 8 = 1 and the history function

p(s)=1Ip— s, se[-5,0] (28)

Fig. 4 shows the solution when the latent period is not taken into account (i.e. § = 0). In this case the model does not
forecast any epidemic: The proportion of infected individuals monotonically decreases. However, when the latent period
is incorporated in the equations, the proportion of infected individuals starts to increase, that is, an epidemic occurs. The
function I decreases only after the proportion S of susceptible humans reaches the critical value

_y 1 +0ll(tc_5)
B I(tc—3)
where t. denote the time when S(t.) = S.. The difference between the two cases is caused by the delay. When there is

a latent period § > 0 in Fig. 5, the actual derivative of I depends on how many susceptible humans there are now and
how many infected humans there were the latent period ago because latter individuals begin to infect at present.

Sc I(tC)v
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Fig. 2. Numerical solution of delayed epidemic model (22) with parameters « = 0, 8§ = 4, y = 1, initial values Sy = 0.7, [, = 0.2, Ry = 0.1, and
time step v = 0.01 with latent period § = 1 and history functions (26).
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Fig. 3. Numerical solution of delayed epidemic model (22) with parameters « = 0, 8§ = 4, y = 1, initial values Sy = 0.7, [y = 0.2, Ry = 0.1, and
time step t = 0.01 with latent period § = 1 and history functions (27).

--- ;5uéceptible
infected
recovered
0.8 1
~
S ~
_5 06 S~o - b
k] e
> —= ezt
8. JPPCTILM
a 04 Pt 1
0.2t 1
0 . . . .
-1 0 1 2 3 4

time

Fig. 4. Numerical solution of delayed epidemic model (22) with parameters « = 0, 8 = 1, ¥ = 1, history function (28), and time step 7 = 0.01
without taking into account the latent period.
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Fig. 5. Numerical solution of delayed epidemic model (22) with parameters « = 0, § = 1, y = 1, history function (28), and time step 7 = 0.01
with latent period § = 1.

Table 1

Slopes p of the fitted line which corresponds to the numerical order of the Magnus-type
integrator. The numerical solution is compared to a reference solution with time step s
computed by the Magnus-type integrator itself.

o(s) Tref #1 p

(26) 107> 18 1.96688
(26) 1074 15 1.98539
(27) 1074 15 1.99205
(28) 1074 15 1.99653

5.2. Error analysis

We perform the error analysis of the Magnus-type integrator (13) by comparing its solution to a reference solution
Yref being accurate enough to be treated as a good approximation of the exact solution y. We computed the reference
solution with the following three methods:

(a) the Magnus-type integrator (13) itself with small reference time step T,

(b) the built-in function dde23.m of the programming environment MATLAB which uses adaptive step size and is of
order (2)3,

(c) the FORTRAN function retard.f written by E. Hairer which uses the Dormand-Prince variable step size method of
order (4)5 and is available under the link [20] (for more details see [21]).

In all cases the relative global error

Y ref(tmax) — Ynmax |
e(r) =
1 Vref(tmax )l

is computed and plotted in logarithmic scale. Here t;,x refers to the maximal time level and np.x to its index. Then the
slope of the line fitted onto the numerical results corresponds to the approximate value of the order of convergence. The
various values of the time step are specified as 7; = V5 - i forj=2,...,#7 withty =0.2.

Fig. 6 shows the relative global error (29) and the fitted line when the reference solution is computed with the Magnus-
type integrator itself with time step = 10~%. The slope 1.98539 =~ 2 of the fitted line represents the numerical value
of the convergence order proved in Proposition 13. Table 1 displays the slopes of the fitted lines for the various history
functions. Since all of them are approximately 2, the numerical results illustrate well the second-order convergence.

Next we present our results when the reference solution is computed by functions dde23.m and retard.f with
the same parameters as before. Since both methods are using adaptive time steps, we can only control the values of the
relative and the maximum tolerance. The corresponding order plots are shown in Fig. 7. The role of the tolerance is clearly
seen: Once the accuracy of the Magnus-type integrator reaches the accuracy of the reference solution, the relative global
error’s formula (29) does not work anymore. Thus, the line should be fitted only to the points before this limit. Table 2
shows the corresponding slopes which are approximately 2 also in these cases.

(29)
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Fig. 6. Order plot of Magnus-type integrator (13) when applied to the delayed epidemic model (22) with @ =0, 8 =4, y = 1,8 =1, 1, = 107
and history function (27). The dots correspond to the relative global error (29) of the model. The slope 1.98539 & 2 of the fitted line represents the
numerical value of the convergence order.
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Fig. 7. Order plot of Magnus-type integrator (13) when applied to the delayed epidemic model (22) with @ =0, 8 = 4, y = 1, § = 1, history
function (26). The reference solution is computed by function dde23.m with various values of relative and maximum tolerance. The dots correspond
to the relative global error (29) of the model.

Table 2
Slopes p of the fitted line which corresponds to the numerical order of the Magnus-type integrator compared to
functions dde23.m and retard.f with various relative and absolute tolerance values and numbers of time steps.

o(s) rel_tol abs_tol #1 p (dde23.m) p (retard.f)
(26) le-10 le-16 18 1.99455 1.96882
(26) 1e-08 le-12 13 1.98753 1.97601
(26) 1e-06 1e-08 8 1.95709 1.94260
(27) 1e-08 le-12 13 197376 1.97948
(28) 1e-08 le-12 13 2.00972 1.98551
5.3. Summary

Both the theoretical and the numerical results show that the Magnus-type integrator offers an efficient way of solving
delayed epidemic models. Namely, it is a second-order method, so it gives a more accurate result than explicit or implicit
Euler method which are usually used in population dynamics when one wishes to write an own code. Moreover, it is an
explicit method, therefore, it does not need the solution of a system of nonlinear algebraic equations. We remark that the
stability issue (which is usually solved by applying an implicit method) is not relevant here due to the exact computation
of the matrix exponential. Therefore, the explicit kind of the method is not a disadvantage anymore, but on the contrary:
it makes the computations fast and the implementation straightforward.
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In a forthcoming paper we aim at generalizing our results concerning the second-order convergence of Magnus-type
integrator to the case when it is applied to abstract semilinear delay equations corresponding to partial differential equa-
tions. We will work in the framework of linear evolution families which is an efficient tool for treating nonautonomous
equations on appropriate function spaces. We plan to study the higher order case as well.
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