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Abstract

We contribute a full analysis of theoretical and numerical aspects of the collocation approach
recently proposed by some of the authors to compute the basic reproduction number of
structured population dynamics as spectral radius of certain infinite-dimensional operators.
On the one hand, we prove under mild regularity assumptions on the models coefficients
that the concerned operators are compact, so that the problem can be properly recast as an
eigenvalue problem thus allowing for numerical discretization. On the other hand, we prove
through detailed and rigorous error and convergence analyses that the method performs
the expected spectral accuracy. Several numerical tests validate the proposed analysis by
highlighting diverse peculiarities of the investigated approach.
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1 Introduction

In the wide field of population dynamics, including both ecological and epidemic models, the
basic reproduction number Ry is a key quantity in tackling important evolutionary aspects,
see, e.g., [3,18] as starting references. In mathematical epidemiology, for instance, Ry mea-
sures the average number of secondary cases produced by a typical infected individual in a
fully susceptible population, thus indicating the intensity of an epidemic in its initial stage.
Estimating Ry is thus a primary target during serious emerging infectious diseases. In this
respect, coronavirus disease 2019 (COVID-19) is a last testament of such a critical scenario
[26,27,32]. As a second instance, within-host dynamics gives rise to rich ecological models
which are underneath the infection processes. The computation of Ry is also important for
these type of models as long as the evolutionary standpoint is concerned [9].

A novel and efficient numerical method for computing Rg for structured population
dynamics is introduced in [5] by some of the authors. Therein, a thorough experimental inves-
tigation demonstrates both the applicability and the validity of the approach, thus revealing
an effective tool in the analysis of a comprehensive range of ecological and epidemic models,
based on either first and second order (ordinary and partial) differential operators, as well
as integro-differential ones. The characterization of R( as the spectral radius of a certain
positive operator, known as the Next-Generation Operator (NGO), is favorably exploited
to turn the relevant infinite-dimensional eigenvalue problem into a finite-dimensional one.
Dominant eigenvalues of the latter are then used as approximations to dominant eigenvalues
of the former. The underlying discretization is based on pseudospectral collocation, suitably
accounting for the boundary conditions defining the NGO.

The present work completes the theoretical and numerical analysis of the approach pro-
posed in [5] by bringing two fundamental contributions. On the one hand, we prove that under
reasonable and mild regularity assumptions on the coefficients of the models of interest the
NGO is compact, so that Ry is indeed a positive eigenvalue according to the celebrated result
of Krein and Rutman [23]. On the other hand, most of the efforts are devoted to develop a
complete and fully detailed error analysis, together with the relevant results about conver-
gence. Concerning the latter, let us remark that the numerical discretization of one of the
two classes of models considered in [5] (viz., model A) is slightly modified here in order
to facilitate the convergence analysis, with no essential qualitative or quantitative difference
in the numerical results. Moreover, it is worthy to mention that the error analysis relies on
constructing exact and approximated characteristic equations and following the approach of
[6] or [7, Chapter 5] as abstract guidelines.

Together with [5], the current research represents a framework of reference for the numeri-
cal computation of Ry in both ecology and epidemiology. In this respect, the general outcome
is a quite reliable tool, with faster convergence ideally of infinite order, a feature known as
spectral accuracy, see, e.g., [37]. The latter is a great advantage compared to the finite-order
convergence of the only two preceding methods [17,25], based respectively on 6- and Euler
discretization schemes. This advantage translates into much more accurate approximations
obtained with much smaller matrices, leading to a reduced computational load, in terms of
both time and memory. This is a favorable feature when stability and bifurcation analyses
are the final target in presence of varying or uncertain model parameters, as is frequently
the case in realistic contexts. In this respect, to note the work [15] concerning the sensitivity
analysis of the computation of Ry.

The contents are organized as follows. In Sect. 2 we resume from [5] the main ingredients
of the two classes of models of interest, namely model A for ecology and model B for
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epidemics. Compactness of the relevant NGO is proved in Sect. 3. The numerical treatment
is illustrated in Sect. 4, including discretization, error analysis and convergence for both
classes. In Sect. 5 we validate the obtained convergence results with several experiments,
enlarging the benchmark initiated in [5]. Concluding remarks and potential future extensions
are considered in Sect. 6. Note that Sects. 4.1 and 4.2 contain explicit expressions of the
discretizing matrices for the sake of implementation (Matlab demos are freely available at
http://cdlab.uniud.it/software).

2 Models and Theoretical Background

Let/ > 0 be real and finite, and X be a Banach lattice of functions [0, /] — R. In the sequel
u € X represents the density of individuals of a population, structured by, e.g., age, size or
space!.

We are interested in abstract linear evolution equations of the form

' (t) = Bu(t) — Mu(t), u(t)e X, t>0. €))

B : X — X is a linear operator meant to account for a birth process, would it be either
proper birth, as in ecological models, or infection, as in epidemics. M : D(M) € X — X
is a linear operator meant to account for all the other processes, which we call mortality for
brevity, would it be either proper mortality, as in ecological models, or any stage transition,
as in epidemics (e.g., recovery or quarantine, Part 2 of [35]). Note that, typically,

DM)={pecY : Cp =0} 2)

for Y C X asubspace characterized by some degree of smoothness and additional constraints
expressed through the linear map C : X — RP? for some positive integer p. From the
modelling point of view, one should be aware that the classification of the terms in the
right-hand side of (1) into either B or M is not unique (see, e.g., [2]). Finally, the following
assumptions are as common as biologically meaningful (see, e.g., [3,30,34]):

(A1) B is positive and bounded;
(A2) —M generates a strongly-continuous semigroup {7'(¢)};>¢ of positive linear operators,
with strictly negative spectral bound.

Note that (A2) guarantees extinction in absence of birth, as well as the invertibility of M with
M~ = [CT@t)dr.

The class of equations (1) represents a family of population models for which we can
define the NGO as BM~! : X — X. This family is indeed rather large, see, e.g., [11,
Section 7.2] and [3]. Then we can characterize the basic reproduction number as the spectral
radius of the NGO, i.e.,

Ry := p(BM™ Y. 3)

The theoretical framework for the basic reproduction number is well-established, see, e.g.,
[11,12,18,21] and the references therein. Under (Al) and (A2) BM~! is positive and
bounded?, so that Ry is a non-negative spectral value, see, e.g., [34]. If, in addition, BM —lis

! The proposed numerical approach can be applied also when u € X" for some positive integer , resorting to
a straightforward block-wise structure. This is, e.g., the case of an epidemics with multi-type sets of infective
individuals in a broad sense (e.g., exposed, asymptomatic, mild/moderate/severe infected, etc.).

ZA possible extension of the present approach to the case of unbounded B yet with bounded BM —lis
currently under consideration by the authors.
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also compact and it has positive spectral radius, then the Krein-Rutman theorem?[23] ensures
that Ry is a positive eigenvalue, i.e., a solution A > 0 of

BM™'y =y )

for some (nontrivial) positive eigenfunction . Equivalently, A satisfies the generalized eigen-
value problem
B =rM¢ %)

with ¢ = M~y € D(M).

Let us remark that the compactness of the NGO is a working hypothesis in the current
study. Indeed, the numerical method under investigation relies on this assumption, in that
(5) can be reduced to a standard (read finite-dimensional) generalized eigenvalue problem
for matrices, whose dominant eigenvalue is thus used to approximate Rp. Concerning this
numerical computation, a discussion on the relevance of Rg being a generalized eigenvalue
or not is left to Sect. 5. Here we first summarize from [5] the features of the two prototype
classes of models we are interested in, taken respectively from ecology (in the sequel briefly
model A) and epidemiology (model B). Then, in Sect. 3, we prove compactness for both
classes under mild assumptions.

Eventually, the sign relation sgn(Ro — 1) = sgn(r) is well-known, where r is the Malthu-
sian parameter, i.e., the spectral bound of the complete generator B — M (see, e.g., [36]).
Although both approaches are equivalent for the analysis of population dynamics, the one
based on R( has some advantages over the one based on r from both the theoretical and the
numerical viewpoints (see further comments in [5]).

2.1 Model A: Spatially-Structured Cell Populations

As a prototype representative model we consider a population of bacteria proliferating and
moving along the intestine of an animal host, with no flux at the boundaries, see, e.g., [2,3,19].
As we are interested in the stability of the extinction equilibrium, we focus on the linear(ized)
problem

oru(x, 1) + 0y [c(xX)u(x,t) — D(x)0u(x, )]
HBM) + u)]ulx, ) =28x)u(x,t), xe€[0,1], t >0, (6)
cXu(x,t) — D(x)oyu(x,t) =0, xe{0,l}, t >0,

where u(-, 1) € X := L'([0, 1], R) is the spatial density of bacteria at time ¢ > 0 along the
intestine, the latter portrayed as the line segment [0, []. Above, c is the velocity of the flow,
D is the diffusion coefficient, 8 is the fertility rate and p is the mortality rate. Moreover, in
(6), symmetric division is assumed without loss of generality (when a mother cell divides
then two daughter cells are born and the former disappears). Further details about model A
can be found in [5].

In order for (1) to describe (6), let us define the birth operator B : X — X as

(B)(x) :=2B(x)¢(x), x €[0,1], )

3 Note that the Krein-Rutman theorem for compact and positive operators does not tell anything about the
multiplicity of the spectral radius as eigenvalue. The version for strongly positive operators (Proposition 10.9 in
Section 10.2 of [21]) guarantees the latter to be simple, but it requires the lattice X to have non-empty interior,
which is not the case for the choice of X we make in the sequel, i.e., in L. For this choice we have instead a
total cone, and Propositions 10.10 and 10.11 in Section 10.2 of [21] apply if the NGO is semi-nonsupporting
or nonsupporting.
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and the mortality operator M : D(M) € X — X as

(M$)(x) := [c(x)p(x) — D(x)$' ()] + [B(x) + pn(x)]p(x), x €[0,1], ®)
with domain
DM):={peX : ¢ (cp—D¢) € X and
c(X)p(x) — D)@ (x) = 0 for x € {0, 1}}. ©)]
Finally, for the sake of readability, we collect here a list of hypotheses concerning the

model coefficients that are used at possibly different points later in the text (hereafter the
subscript + denotes the positive cone of the relevant Banach lattice):

(HA1) ¢, D, B, 1 € X4+ with B + w not identically vanishing;
(HA2) B e LE°([0,1], R);

(HA3) D(x) = D > O forany x € [0, [];

(HA4) ¢, D, B, n € X4 are continuous;

(HAS) ¢, D, B, v € X4 are smooth, in particular

(HAS.1) ¢, D, B, u € X are of class C* for some integer s > 1;
(HA5.2) ¢, D, B, u € X4 are of class C*°;
(HA5.3) ¢, D, B, n € X4 are real analytic.

2.2 Model B: Age-Structured Epidemics

As a prototype representative model we consider the spread of an infectious disease in an
age-structured population. As we are interested in the early stage of the epidemics, we focus
on the linear(ized) problem

1
3tu(x,t)+3xu(x,t)=/ K (x, y)u(y, r)dy

—U%X)u(x, 1, xe€l0,1], >0, (10)
1
u(0,1) = 0/ B(x)u(x,t)dx, t >0,
0

whereu(-, 1) € X := L([0, [], R) is the age density of infected individuals* at time 7 > 0,
[ being the (finite chronological) maximum age. Above, K is the effective infection kernel,
B the effective fertility rate and n accounts for both removal and recovery rates. Moreover, in
(10), 6 € [0, 1] is the the probability of vertical transmission of infectiveness. Further details
about model B can be found in [5].

In order for (1) to describe (10), let us define the birth® operator B : X — X as
l

(B®)(x) ::/(; K(x, y)¢(y)dy, x€]0,1], an
and the mortality® operator M : D(M) € X — X as

(M$)(x) == ¢'(x) + n(x)p(x), x €[0,1], (12)

4 Actually, u(-, 1) is a weighted density obtained by removing the age-specific mortality rate, see Model B in
(51

5 We recall that here birth is meant as infection.

6 We recall that here mortality is meant as recovery and/or any other stage transition.
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with domain
1
D(M) = {qﬁeX : ¢’€Xand¢(0)=0/ ﬂ(x)¢(x)dx}. (13)
0

Again, for the sake of readability, we collect here a list of hypotheses concerning the
model coefficients that are used at possibly different points later in the text:

(HB1) K € L1 ([0,71*,R) and B, n € X with

!
/0 plx)dx =1 (14)

(HB2) there exists K € X such that K (x, y) < K (x) holds for almost all (x, y) € [0, []?
uniformly with respect to y;

(HB3) B € LL([0,1], R);

(HB4) n is continuous, as well as the map x +— K (x, y) uniformly with respect to almost
all y € [0,1];

(HBS) 7 is smooth, as well as the map x — K (x, y) uniformly with respect to almost all
y € [0, [], in particular

(HBS.1) nisofclass C* for some integer s > 1, as well as the map x — K (x, y) uniformly
with respect to almost all y € [0, /];

(HB5.2) nisofclass C*, as well as the map x — K (x, y) uniformly with respect to almost
all y € [0,1];

(HB5.3) nisreal analytic, as well as the map x +— K (x, y) uniformly with respect to almost
all y € [0,1];

(HB6) B is smooth, in particular

(HB6.1) B is of class C* for some integer s > 1;
(HB6.2) B is of class C*°;
(HB6.3) B is real analytic.

3 Compactness of Next-Generation Operators

As already remarked after (5), the numerical approach we study in Sect. 4 is based on the
assumption that the basic reproduction number Ry is a generalized eigenvalue, i.e., a solution
A of (5) for some (nontrivial) eigenfunction ¢. Compactness of the relevant NGO BM -1
is a standard requirement guaranteeing the above property, together with the fact that this
eigenvalue is real and positive thanks to the Krein-Rutman theorem [23]. Below we prove
compactness for both models A and B. In this respect, note that under (A1) it is enough to
show that M~! is compact. Therefore, we adopt also conditions on the model coefficients
guaranteeing (Al).

Proposition 1 (compactness for model A) Under (HA1), (HA2) and (HA3), the NGO BM -1
defined through (7) and (8) with (9) is compact.

Proof (HA2) guarantees that B in (7) is bounded. Given y € X,letuscomputep = M~y €
D(M) to show that M~ is compact. By recalling (8) and by defining

£ :=c¢— D¢, (15)
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we end up with the Initial Value Problem (IVP)
') _ ¢ (x) 0
(s/m) =AW (sm) #(yi) veton 06

(-6
§@0) 0/’
c 1
A;:< 5 —D).
—B—n 0

Indeed, from (9), £(0) = 0 is used explicitly, while £(I) = 0 is used implicitly to assign
¢(0) = « for some « > 0, see (17) below.

Now, for any y € [0, /], let T (x, y) for x € [0, ], x > y, be the principal matrix solution
at y of the homogeneous part of (16), i.e., the matrix solution of

{ T'(x,y) =AMWT(x,y), x€l0,1],

where

T(y,y)=Db.

Under (HA1) and (HA3), the IVP is posed in L', so T’ is an Ll-map and T is absolutely
(hence uniformly) continuous. Moreover, the variation of constants formula gives

o)\ _ o * 0
(sm) — T(x.0) <0> +/O T(x.y) (wm) dy.

In particular, we have

1
0= () = To1 (I, O + /0 Toa(l, ) ()dy

and .
Ty.1(x. 0) = —/O [B(3) + wO)IT11 (v, 0)dy.

If 75,1 (1,0) = 0, then also 72 2(/, y) = O (since ¥ is arbitrary) and 77 1(y, 0) = 0 (thanks
to (HA1)), leading to T (I, 0) being singular, which is absurd. Hence we recover

!
a=HW):=—(T2100)" /0 To2(L, )y (y)dy a7

and, eventually,

(M~'Y)(x) = Ti 1 (x, ) H(¥) +/0 Ty 2(x, y)¥(y)dy. (18)

To prove compactness, we resort to the Kolmogorov-Riesz-Fréchet theorem (see, e.g.,
Theorem 4.26 in [8]), and in this respect we extend all functions by zero outside [0, /]. Then
fix m > 0 and consider the set U := {y € X : ||[{||x < m}. It suffices to prove that

m / (M) (x +h) — (M~ 'y)(x)]dx =0
R

li
h—0
uniformly with respect to ¢ € U. (18) gives

/RI(Mflllf)(X-Fh)—(Mflllf)(x)ldxS/RITl,l(X-irh,O)—T1,1(x,0)|dX~|H(1/f)|
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1
+/R/0 ITiaGx + By y) — Tia(e, )] - [P () ldyds

x+h
+/Rf ITiaGe ) - 19 () ]dydx

< /}Rm,l(x 1, 0) — Ty (x, O)]dx - [H(Y))

I
—l—/o (/R[Tm(x +h,y) —Ti2(x, y)]dx) [¥(y)ldy

y
+/ (/ |T1,z(x,y>|dx)|w(y>|dy.
R y—h

The three addends at the right-hand side above vanish as # — 0 uniformly with respect to
¥ € U thanks to the uniform continuity of 7. Indeed, the latter also implies from (17) that
|H ()| < km for some positive constant k. m}

Proposition 2 (compactness for model B) Under (HB1), (HB2) and (HB3), the NGO BM -1
defined through (11) and (12) with (13) is compact.

Proof (HB2) guarantees that B in (11) is bounded. Given ¥ € X, let us compute ¢ =
M~y € D(M) to show that M~ is compact. By recalling (12) we end up with the IVP

{d)’(X) =)o) +¥(x), xel0,1],
¢0) =«

for some o > 0 given by imposing the boundary condition characterizing (13), see (21)
below.

Now, forany y € [0, /], let T (x, y) for x € [0, [], x > y, be the principal matrix (actually
a scalar) solution at y of the homogeneous part of (19), i.e.,

—/ n(z)dz
T(x,y):=e 7Y . (20)

Clearly, T is uniformly continuous. Moreover, the variation of constants formula gives

19)

¢(x) =T(x,0)a +/0 T(x, y)¥(y)dy.

Then it is not difficult to recover

1l X
o /0 B(x) /0 T (e, y)¥ (y)dydx

a=HWY:0):= 2

I
1—9/ B)T (x, 0)dx
0

through the boundary condition in (13). Note that H is well-defined since T'(x,0) € (0, 1)
for every x € (0,/], 8 € [0, 1] and (HB1) holds for 8, so that

l
1 —9/ Bx)T (x,0)dx € (0, 1].
0

Eventually we get

(M~'Y)(x) = T(x, ) H(Y; 6) +/0 T(x, y)¥(y)dy. (22)
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Compactness of M~! now follows as in the proof of Proposition 1. Indeed, the uniform
continuity of 7 and (HB3) give |H (¥; 8)| < km for some non-negative constant k = k(0)
(with k(0) = 0). O

4 Discretization and Convergence Analysis

In the first part of this section we give a general overview of discretization and convergence
analysis, describing the general structure which is common in treating both model A and
model B. Then in the forthcoming Sects. 4.1 and 4.2 we elaborate specifically for the two
different classes of models, arriving at proper convergence theorems with error bounds.

As far as discretization is concerned, we resume now the main aspects from [5], where
the collocation technique we consider is originally proposed for the sake of numerical testing
and application.

Let N be a positive integer and 0 =: xy 0 < xy,1 < --- < xy,n := [ be a mesh of
N + 1 distinct nodes distributed on [0, []. Observe that collocation is meaningless in the
whole space X = L1([0, 1], R) (as is the case for both models A and B). Nevertheless, under
the working hypothesis that Ry is a generalized eigenvalue (recall (5)), the application of
the method is restricted to eigenfunctions ¢ € D(M), which are, in general, smooth enough
to guarantee pointwise definition (recall (2)). Moreover, including the nodes xy o = 0 and
xy,.n = [ allows for a simplified treatment since for the models of interest in this work
the domain D (M) of application is characterized by boundary conditions at one or both the
extrema 0, / of the domain of the function space X, see indeed (9) and (13).

In the sequel, let Xy := RY*! be the finite-dimensional counterpart of X and let @ :=
(®g, D1, ..., PyN)T € Xy with ®; representing the numerical approximation of o(xn.i),
i =0,1,..., N.Letus now recall also the differentiation matrix and the quadrature weights
associated to the collocation nodes, as the concerned mortality operators usually involve
differentiation and/or integration, see (8) and (12). The first, denoted Hy, has entries’

hniij = E/N,j(xN,i), i,j=0,1,..., N,

where {{x.0,€nN.1,..., €N N} is the Lagrange basis relevant to the chosen nodes: if f is
a smooth function on [0, /] and v := (f(xn.0), f(XN.1)s .-, f(xN,N))T, then Hyv is an
approximation to (f'(xy.0), f'(Xn.1), ., f'(xn.n))T. The second, components of the vec-
tor wy 1= (Wy.0, WN.1, ..., wy.n)! € RV are given by

1§
wN,j Z=/ ZN,j(x)dx, ] =0, 1,...,N, (23)
0

and, for the same v above, w{,v is an approximation to fé f(x)dx. Both follow straightfor-
wardly from approximating f with the N-degree interpolating polynomial

N
Py @) =) by i) f(en.j), x €10,1], (24)
Jj=0
which indeed satisfies p(xy ;) = f(xn,), i = 0,1,..., N. In the sequel we assume the
following.
7 Here ay;;,j denotes the (i, j)-thentry of a matrix Ay € R<N+1)X(N+l>, i, j=0,1,..., N.This notation

is also extended later on according to Matlab’s colon notation: for instance ay;; 0.5 and ay;oy, ; indicate,
respectively, the i-th row and the j-th column of Ay .
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(A3) The collocation nodes xy o, Xy.1, - .., Xy~ are the Chebyshev extrema in [0, ], i.e.,

Under (A3) both Hy and wy can be obtained rather easily8 (see, e.g., [13,37,39)).
The collocation approach reduces the generalized eigenvalue problem (5) to a finite-
dimensional discrete version
BN® =AMy D (25)

posed on X y. The structure of the matrix representation of the finite-dimensional operators
By and My depends on the specific model as detailed in the following Sects. 4.1 and 4.2.
A rigorous error estimation and a related convergence analysis show that the eigenvalues of
(25) approximate (part of) the eigenvalues of (5), the accuracy improving as N increases.
The eigenvalues of (25) can be computed with standard techniques for finite-dimensional
generalized eigenvalue problems (e.g., Matlab’s e ig, based on the well-known QZ algorithm,
see, e.g., [16]). Let us remark that we are mostly concerned with the dominant part of the
spectrum, given that we are interested in the spectral radius of the NGO. Let us stress again
that the use of the proposed methodology to approximate Rp is based on the assumption
that this number actually corresponds to a (generalized) eigenvalue. Nevertheless, in [5] as
well as in Sect. 5, we report on some tests where the scheme is still able to give reasonable
approximations even if Ry is not an eigenvalue (not surprisingly the relevant convergence is
slower than what proved for eigenvalues).

To study the error between exact and approximated eigenvalues, i.e., those of (5) and (25),
respectively, we follow the underlying idea of the approach used in [6], where the analysis
relies on the application of Rouché’s Theorem on zeros of holomorphic functions (see, e.g.,
7.7 in [31]) to the exact and discrete characteristic equations, say

g =0, gnv()=0 (26)

for g and gy the exact and discrete characteristic functions, respectively. Both these functions
depend on the specific class of models at hand, so that we recover them in the forthcoming
Sect. 4.1.2 (model A) and Sect. 4.1.2 (model B) to allow for a separated analysis. In those
sections we also show that their difference depends on the collocation error of the associated
differential or integro-differential problems. For the time being, to give a general overview of
the convergence analysis, let us assume that in some neighborhood of an exact characteristic
root A* to be specified below we can write

lgn(A) —gM)] < en 27
for a quantity ey related to the collocation error, and that
lim ey =0, (28)
N—oo

possibly under some regularity assumptions on the model coefficients. In the remaining of
this section we show that the final error on the eigenvalues depends on this quantity ¢, and
thus also that the rate of convergence depends on the convergence of the limit (28).

We first prove the following as a consequence of the exact eigenvalues being isolated with
finite multiplicities (following compactness of the NGO, Sect. 3).

8 Usually these quantities are provided with reference to the normalized interval [—1, 1].
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Lemma 1 (see Lemma 3.5 in [6]) Let A* be a zero of g with algebraic multiplicity m. Then
there exists p; = p1(A*) > 0and C; = C{(A*) > 0 such that for all » € B(A*, p1) \ {A*}

g > Cila — %™

Proof By considering the Taylor series of g(1) around A* and by taking into account the
multiplicity m we obtain () = g™ (A*)(A—A*)" /m!+ O (|» — A*|" 1) with g™ (A*) #
0. Then limy 3+ |g(A)|/|2 — A*|™ = |g" (A*)|m!. Let us set C| := |g" (1*)|/m!. Since
C{ > 0, there exists p; > 0 and C; > 0, both depending on A*, such that, for all » €
BQOF, p) \ {A*) [g)I/IA = 2™ > C. O

Theorem 1 (see Theorem 3.6 in [6]) Let A* be a zero of g with algebraic multiplicity m
and r > 0 be such that \* is the only zero of g in B(A*, ). Then there exists N* € N such
that, for all the integers N > N*, gy has exactly m zeros Ay 1, ..., AN m (counted with
multiplicities) in B(M*, r) and

_max A" —Anil < p(N),

with p(N) = O(e)"™) for ex in (27).

Proof Thanks to Lemma 1 there exist p; = p;(A*) and C; = C;(A*) > O such that |g(1)| >
Cilh — 2*|™ for all A € B(A*, p1) \ {A*}. We can assume p; < r without loss of generality.
Let us define p(N) := (ey/C1)'/™. Since p(N) — 0as N — oo thanks to (28), there exists
N* sufficiently large such that, for N > N*, p(N) < p;. Then

g > Cila = 25" = Crp(N)" = ey = |gn (1) — g(W)]

follows by taking A € E()ﬁ, o1) such that [A — A*| = p(N) and from (27). Since both gn
and g are holomorphic in B(A*, p1), Rouché’s Theorem (see, e.g., 7.7 in [31]) ensures that
they have the same number of zeros in B(A*, p(N)) counted with multiplicities. ]

In the next sections we recover both (26) and (27) for either the class of cell population
models (model A) and that of epidemic models (model B). We show also that (28) holds in
both cases, giving account of the relevant rate of convergence, thus re-elaborating Theorem 1
into Theorem 2 and Theorem 3 for the two specific classes of models.

4.1 Model A

4.1.1 Discretization

Let us recall the main ingredients (7), (8) and (9) of the class of cell population models,
model A in Sect. 2.1, as well as the generalized eigenvalue problem (5) with generalized
eigenfunction ¢ € D(M) \ {0}. Since we are interested in the spectral radius, we assume

A # 0. Therefore, by using (15) we can combine (5) and (8) to get

1
XB¢=M¢=E/+(/3+M)¢- (29)

Then, similarly to the proof of Proposition 1, we arrive at the first-order system of nonau-

tonomous ODEs
) ()
g &
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for
c 1
——B—un 0

which is well-defined under (HA3). Consider the associated [VP

(¢/(x)> = A (x) (¢(x)> . xel0,1],

£'(x) £(x)
()= () N
£0) = \o

for some (o, w)” € R2. The discrete generalized eigenvalue problem (25) is obtained by
collocating (31) and by imposing the boundary conditions

£0)=0=¢&(0) (32)

characterizing D(M). Therefore we look for N-degree polynomials py and gy satisfying

(P&(XW)> = A® (xy 1) <pN(xN”')>, i=1,...,N,

I
qn(xN.,i) qgN(xN,i) 33
(-0 ’
qn(0) ®
together with
gn(0) =0=¢gn(). (34)
By setting
N N
PN =) Oy 0P, gn(x) =Yy (0)E; (35)
j=0 j=0
for x € [0, [], it is not difficult to recover from the second ODE in (33)
2 _ .
X,B(XN,i)cpi =[HNE]i +[BGn,) + nxy )P, i=1,...,N,
for Hy the differentiation matrix given in Sect. 4 and & = (&), &, ..., EnT e Xy
defined as
By :=w (36)
and
Eii=c@n,)P; — Dxy )[HNy®]i, i=1,...,N, 37
the latter representing the discrete counterpart of (15), following the first ODE in (33) and
with @ := (®g, @1, ..., Pn)T € Xy. The boundary conditions (34) translate into
Zo=0=Zy, (38)

amounting to choose w = 0 and

c(xn,N)PN — D(xy N)IHN®]N = 0. (39
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Consequentely, by defining the matrices (empty entries are zeros)

0
By = 2B(xn.1) e RIVHDX(N+D).
2B(xn,N)
c(xn,0)
Cy = . c R(N+l)><(N+l),
c(xn,N)
D(xy,0)
Dy = . c R(N+])><(N+l) (40)
D(xn,N)
and
Bxn,0) + 1xy,0)
Iy = . e RWVADXN+D)

By N) + nlxn,N)
we obtain (25) with My defined as

My.0,0:8 == c(xn,N)ON,0:N — D(xy N)HN, N 0:N (41)

for §;, ; the Kronecker’s delta and
MN;I:N,O:N = HN;I:N,]:N(CN;]:N,():N - DN;I:N,O:NHN) + Z:N;]:N,O:N' (4’2)

Let us remark that the first row of My defined in (41) accounts for the boundary condition
Exn = 0 through (39) thanks to the first trivial row of By in (40). The other boundary
condition Z¢ = 0 is hidden in removing the first column of Hy in the first factor of the
product giving the first addend at the right-hand side of (42), which implicitly corresponds
to annihilate the first row of Cy — Dy Hy and thus imposing

c(xn,00P0 — D(xn,0)[Hy®]o =0,

i.e., extending definition (37) to the index i = 0 and choosing @ = 0 in accordance with
(36).

Finally, observe that the parameter « is left free, which indeed amounts to the degree of
freedom of the generalized eigenfunctions due to parallelism.

Remark 1 Let us emphasize that the above approach is slightly different from the one
originally proposed in [5, Section 3.1]. Indeed, therein the discretization was obtained by
collocation of the generalized eigenvalue problem (5), while here collocation is applied to
the corresponding IVP (31). Although the two alternatives are numerically equivalent (in
the sense that the outcome of the numerical experiments is practically indistinguishable, see
(T1A) in Sect. 5), the current one is more favorable in terms of its convergence analysis. In
fact, working with IVPs, rather than with Boundary Value Problems (BVPs), easily leads to
the formulation of an exact characteristic equation as carried out in the sequel, as well as of
that of a numerical counterpart.
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4.1.2 Exact and Discrete Characteristic Equations

The first step of the convergence analysis consists in finding a characteristic equation for the
generalized eigenvalue problem (5). To this aim, let 7™ : [0, /] — R?*? be the principal
matrix solution at O of the IVP (31), i.e., the matrix solution of

{ T®' (x) = AP TP (), x€l0,1],

TM(0) = I,
so that
dX)\ _ <a>
<$(x)>_T (x) NE x €[0,1], (43)

is the solution of (31). By choosing x = [, the application of the boundary conditions (32)
leads to N N N
0=¢6(0) = T, Do + T3 Do = Ty (e

Therefore, the sought characteristic equation reads
g) =0 (44)

for the characteristic function N
g(1) = Ty7 (). (45)

Observe that g is well-defined but not known explicitly, this lack having no consequences in
the sequel.
For later use, note that (43) can be equivalently characterized as the solution of the func-

tional equation in X2
(‘g) = (Z) + VA (?) : (46)

where V : X2 — X2 is the Volterra integral operator

(Vu)(x) :=/0 u(y)dy, x e[0,1].

Let us now recover the discrete version of the characteristic equation (44). Assuming
existence and uniqueness of the collocation solution (py, g T of (33) (see Proposition 3
below), we can define T}f,'\) - [0, 1] = R2*2 guch that

PN ) o
(qN(x)) =T\ (x) (w> , x€[0,1], (47)

i.e., the discrete counterpart of T™ (x) in (43). Then (38) and the second of (35) necessarily

lead to N N N
0= 8y =Ty (e + Ty (Do = Ty | (e,

Therefore, the sought discrete characteristic equation reads
gn(x) =0 (48)
for the discrete characteristic function

gn () =Ty (D). (49)
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Finally, and again for later use, we can recover the discrete version of the functional Eq.
(46). Indeed, since py, gy are N-degree polynomials, it is clear that their first derivative is
interpolated exactly at N nodes, so that we can write

pPNX)) [« /x Pﬁv(y))
(qN(x)> N <w>+ 0 (q}v(y) dy
PN(XN j))
() / ZZ” “(”(qNuN,)
PN (XN, j)
- (1) [ T oo (D) e

for{€y—1,1,...,€n—1,n} the Lagrange basis relevant to thenodes xy 1, ..., xy ny. If Ly_1 :
X? — X? is the relevant Lagrange interpolation operator, we obtain

PN) _ (¢ ) ( PN
()= () veae (32)

Note that the possibility of obtaining both (46) and (50) is the advantage of working with
IVPs mentioned in Remark 1.

4.1.3 Collocation Error and Convergence

Let us define from (31) and (33) the collocation error

=) () e

Ev@) =T ) —TPw),  xel01]

If we let

then
vl = sup ANl
(@w)Ter2\({0,07) (e, @) ]
follows from (43) and (47). Since the exact and the discrete characteristic functions are
defined by (45) and (49), it follows that

llex Dl
lgnv(A) — g =< sup .
(o, )T €R2\{(0,0)T} [l (ct, ) ||

D

It is then clear that we need a bound for ||ey (/)||, and this is the goal of the analysis in this
section.
By subtracting (46) from (50) we get the functional equation for the collocation error in
x2
N=VLy_1AWey + Vry (52)

with
= (Ly_1 — Iy2)AW (‘é’) (53)

for (¢, £)T the solution of (31). We are now able to prove the following result about the
existence and uniqueness of the collocation error as the solution of (52) for N large enough.
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Of course, this in turn implies also the existence and uniqueness of the collocation solution
(pn,qn)T and thus it gives a proper sense to the discrete characteristic equation (48) as
recovered in Sect. 4.1.2.

Proposition 3 Under (HA3), (HA4) and (A3), there exists N* € N such that for all the
integers N > N* (52) has a unique solution ey and

7w lix2- (54)

" -1
lex (]l <2 H (12 = a%v)
X2 Xx?

Proof Besides (52) let us consider also the functional equation in X 2
ey =Ly_1APVey +ry. (55)

It is immediate to verify that the solutions of (52) are one-to-one with those of (55) through
ey =Véyand éy = Lny_1APen + ry. We prove then that (55) admits a unique solution
for N large enough by showing through the Banach’s perturbation lemma (see, e.g., Theorem
10.1 in [24]) that Iy2 — Ly_1 APV is invertible with (uniformly) bounded inverse. To this
aim we need to prove that (a) Iy2 — AWMV is invertible with bounded inverse and that (b)
I(Ln_1 — Ix2) AP V| y2._ x> vanishes as N — oo. (a) follows since n’ = A® 1y + ¢ has
a unique solution 7 for any given ¥ € X2, so that by letting ¢ := 1’ we have n = V¢ and
0 = APV + . As for (b) it is enough to observe that V(X?) is a subset of the space
C? c X? of continuous functions, and so is AWMV (X 2y under (HA3) and (HA4) through
(30). Then (b) follows since under (A3) || Ly—1 — Ix2| x2.c2 vanishes as N — oo thanks
to Corollary of Theorem Ia in [14]. Then

7w Il x2

—1
lenlye <2 H (Ixz - A‘”V)
X2 X2

follows for N large enough since the Banach’s perturbation lemma gives also

—1 -1
H (IXZ - ﬁN_lAWV) <2 H (IXZ - AWV)

X2 X2 X2<«Xx2

The thesis is eventually obtained by observing that ey = Veéy gives indeed ey(l) =
fol ey (x)dx. ]

Remark 2 Note that the continuity hypothesis (HA4) on ¢, D, 8 and i can be further weak-
ened. Indeed, point (a) in the proof above is guaranteed in the class of Lebesgue integrable
functions (Carathéodory’s existence theorem for ODEs, see, e.g., [10, Chapter 2, Theorem
1.1]), while the validity of Corollary of Theorem Ia in [14] for point (b) is ensured for Rie-
mann integrable functions. In any case, in view of the smoothness required below, such a
refinement is useless.

Now, in view of (54), by considering (51) and with reference to (27) in the general analysis
at the beginning of Sect. 4, we aim at showing that there exists ¢y vanishing as N — oo
such that (56) below holds. Thus we have to evaluate the remainder ry as defined in (53), i.e.,
the interpolation error on the derivative of the solution of the IVP (31). As such it basically
depends on the smoothness of the map x +— A®(x) (and thus on that of ¢, D, B and ),
which determines the growth of the derivatives of the solution (¢, £)7 of (31).

Proposition 4 Under (HA3), (HAS) and (A3), there exists N* € N such that for all the

integers N > N*
o
Irllxe < ex <w) H (56)
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with
O(N~%log N) under (HAS.1)
ey =1 O(N""logN) foreveryintegerr > 1 under (HAS.2)
ok~ log N) for some constant k > 1 under (HAS.3).

Proof In this proof we set i := (¢, &)7 for brevity. From (53) we have
[cenr = 1a®n| <ty - 1era®n|
X2 00
As a classical result in uniform approximation we have
[cenot = 1ea®n| <+ ay-Ey (4%0),
o0

where Ax_ is the Lebesgue constant relevant to the nodes xy 1, ..., xy, v and Ey_1(f) is
the best uniform approximation error of a function f in ITy_ (the set of algebraic polyno-
mials of degree < N — 1). As for the former, (A3) guarantees that Ay_; = O(log N) (see,
e.g., Section 4.2.2, page 257 of [29]). As for the latter, under (HAS.1) the map x +— A® (x)
is of class C* for some integer s > 1, then so is A()‘)n and Jackson’s theorem (see, e.g.,
Section 1.1.2 of [33]) provides

o

NS

for some constant ¢ independent of N. The same reasoning holds under (HAS5.2). Under
(HAS.3) Jackson’s theorem gives an exponential decay for the best uniform approximation
error, i.e.,

[0

En_1 (A(Mﬂ> <c

En-1 (A(”n) <ce VN

for positive constants ¢ and y (see, e.g., page 2783 of [28]), then set k := ¢”. The final bound
follows by considering that 1 depends linearly on (a, )7, recall (43). O

We conclude with the main result for the class of cell population models (model A), direct
consequence of Theorem 1 and Proposition 4.

Theorem 2 Let A* be a zero of g in (45) with algebraic multiplicity m and r > 0 be such that
A* is the only zero of g in B(A*, r). Then, under (HA3), (HAS) and (A3), there exists N* € N
such that, for all the integers N > N*, gy in (49) has exactly m zeros AN 1, ..., AN.m
(counted with multiplicities) in B(\*, r) and

max A" — Ay < p(N)

i=1,..,m
with
O((N~*1og N)'/™) under (HA5.1)
on = 3 O(N""1log N)'/"™) for every integer r > 1 under (HA5.2)
o((k—N log N)L/my for some constant k > 1 under (HA5.3).
4.2 Model B

4.2.1 Discretization

Let us recall the main ingredients (11), (12) and (13) of the class of epidemic models,
model B in Sect. 2.2, as well as the generalized eigenvalue problem (5) with generalized
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eigenfunction ¢ € D(M) \ {0}. Again we are interested in the spectral radius, so we assume
A # 0. Therefore, we can combine (5) and (8) to get

1
3 Bo =M= ¢’ +ng,
corresponding to the IVP

1
¢'(x) = —n(x)P(x) + 7 (BH)X), x €0, 11,

l (57)
¢(0) 29/ B(x)¢(x)dx.
0
Now, to get (25), we look for an N-degree polynomial py satisfying
PG = —n(xn, ) py(xn,i)
N
1 .
+ 3 ZwN,jK(xN,iaXN,j)PN(xN,j)v i=1,...,N,
Jj=0 (58)
N
pn©) =0 wy Bl PN (EN.)).
j=0

The first part corresponds to the collocation of the first-order nonautonomous ODE in (57)
at the nodes xy 1, ..., Xy, n, together with the quadrature of the integral defining the action
of B in (11) according to the formula introduced in Sect. 4. The second part corresponds to
imposing the boundary condition in (57), where again the relevant integral is substituted by
the quadrature formula. By setting

N
PN =) Ly j(0)®;, x€[0,1],
j=0

it is not difficult to recover (25) by defining the matrices By € RN TDx(NV+D 54

By e 0, i =0, j
NLT= lwy jK ey xn,), i=1,...,N, j=0,1,...,N,
and My € RINVTDX(N+D) »q

M = 1805 —0wn BGxn, ), i =0, j=0,1,...,N,
N = Hyy 4+ nGeni)sij, i=1,...,N, j=0,1,...,N.

Let us remark that this is exactly the approach presented in [5]: indeed, being already based
on an IVP, there is no need for modification in view of the analysis of convergence as for
model A (recall Remark 1).

4.2.2 Exact and Discrete Characteristic Equations

The equation in (57) is integro-differential, given the integral nature of the birth operator B
in (11). In view of obtaining a characteristic equation for the generalized eigenvalue problem
(5), let us consider the related IVP

{¢’(x> = P + 5 BH), x < (0,1], 59)
) =a
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for some x € [0,/] and @ € R \ {0}. Note that the existence of such a point X is guaranteed
since ¢ is nontrivial being a generalized eigenfunction and, moreover, pointwise evaluation
makes sense since functions in D(M) are (absolutely) continuous. In particular, we show
next that (59) is well-posed if and only if x € (0, []. Let us also emphasize that this result is
independent of 0 in (57), as the latter does not appear in (59).

Proposition 5 Under (HB1) and (HB2) (59) has a unique solution, which depends linearly
on o, if and only if x € (0,[].

Proof The variation of constants formula as applied to the linear nonautonomous and inho-
mogeneous ODE in (59) yields

X

1
¢(x) =T (x, X)a +/_ T(x, ) (Bo)(y)dy (60)

for T in (20). (60) becomes the Fredholm integral equation of second kind in X

o=/f+Lo
by defining
00,11 - R, fx)=T(x, X)e, (61)
and B |
L:X— X, (Lo)(x) == /; T (x, y)X(Bgo)(y)dy, x €[0,1]. (62)

Under (HB1) and (HB2) L is compact (Proposition 9), therefore the thesis on existence
and uniqueness follows from the relevant Riesz theory (see, in particular, Corollary 3.5 in
[24]). Indeed, under (HB1) Ix — L is injective if and only if x € (0, /] (Proposition 10). The
linearity with respect to « is clear from (61). ]

Again, as observed at the end of Sect. 4.1, the parameter « is left free since ¢ is a generalized
eigenfunction. Note, moreover, that the IVP is well-posed also if « = 0 when x € (0, [].
Indeed, it would not be well-posed for « = 0 only if x = 0, given that in this case the
trivial solution would always exist (due to the linearity of the problem) beyond a nontrivial
eigenfunction of the corresponding generalized eigenvalue problem (5) in the case 6 = 0.
Thanks to Proposition 5, fix x € (0, /] and let TW(., %) :[0,1] = R be such that

dp(x)=TP(x, Ha, xe[0,1], (63)

is the unique solution of (59). The application of the boundary condition in (57) characterizing
D(M) in (13) leads to

1
TM(0, $)a = 9/ B)TM (x, D)ardx.
0

Therefore, the sought characteristic equation reads
g =0 (64)

for the characteristic function
1
gA) :=TM0,%) -6 / B)T™ (x, x)dx. (65)
0

Note that, similarly to (45), g is well-defined but not known explicitly, since so is 7™, Also,
there is no need to specify x as its existence is enough to define g.
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Remark 3 Note that if x = 0O then

l
g =1- ef BT (x, 0)dx,
0
which never vanishes when 6 = 0.

For later use, note that (63) can be equivalently characterized as the solution of the func-
tional equation in X
p=a+VAPg, (66)

where V : X — X is the Volterra integral operator
(VE)(x) ::f §(y)dy, x€10,1], (67)
X

and A® : X — X is the linear operator giving the right-hand side of the equation in the IVP
(59),1i.e.,

AME = —ng + %Bé‘. (68)

Let us now recover the discrete version of the characteristic equation (64). Let py be the
collocation solution of (59), i.e.,

PN = =1y py (ew.i)
N
1 .
+XZ(:)wN,jK(xN,,-,xN,j)pN(xN,j), i=1,...,N, (69)
]:

pPN(X) =a,

whose existence and uniqueness is proved in Proposition 6 below. We can define T]f,”\) (-, x) :
[0, 1] — R such that
pn() =T (x, D, x €[0,1], (70)

i.e., the discrete counterpart of T™ in (63). Then the second of (58) and (70) necessarily

lead to
N

T (0. 5)a =0 wy By NIy (xn.j. Der.
j=0

Therefore, the sought discrete characteristic equation reads

gn() =0
for the discrete characteristic function
N
gn () =T (0.5) = 0Y wy By HTN (n.j. 5. (71)
j=0

Finally, and again for later use, we recover the discrete version of the functional equation
(66), as done in Sect. 4.1.2 for (50). It reads

N =a+VLy 1AV p, (72)
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where V is given in (67), Ly—_1 : X — X is the Lagrange interpolation operator relevant to
the nodes xy 1, ..., xy, n and the quadrature approximation AE\)}) : X — X given by

N
1
(ANE() 1= =1 @EC) + = 3wy K (6 ov NEGey ). x € [0.1],
Jj=0

replaces A?) in (68).

4.2.3 Quadrature and Collocation Errors, and Convergence

In view of (27), from (65) and (71) we have

N

gn () — () =T (0.5) — 0wy By )TN (xn.j. )
j=0

1
—T<“(0,)z)+9/ BT (x, x)dx
0

= T\(0,%) — T™(0, %)

1 N
+6 fﬂ(x)T()‘)(x,i)dx—ZwN,jﬁ(xN,j)T()‘)(xN,.,',i)
0 20

N
+60 3wy B ) [ TP 0w D) = TP e, 9] (73)
j=0
As it follows from (63) and (70), the first and the third addends in the right-hand side above
depend on the collocation error defined as
eN =pnNn— ¢ (74)
for pn the collocation polynomial satisfying (69) and ¢ the solution of (59). Indeed

TV, %) - TP, ) = QNT(X) x €0,1], (75)

holds for any « € R\ {0}, as assumed in (59). Prior to analyze this contribution to the error
on the characteristic function, we first recall a general (and known) result on the quadrature
error based on (23), holding under (A3). On the one hand the latter clearly serves to bound

the second addend above. On the other hand it affects also the analysis of the collocation
error.

Lemma 2 (see Theorem 4.1 in [38]) Let En () be the best uniform approximation error of
a continuous function f : [0,1] — R in I1y (the set of algebraic polynomials of degree < N
in [0, 1]). Then, under (A3),

1 N
fo fe)dx =) wn j fGey )| < 2EN(S) (76)

j=0

and En(f) vanishes as N — oo.
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Going back to the collocation error (74), subtracting (66) from (72) yields the functional
equation in X

en =VLy_1AV en + Vry (77)
with
rv = (Ln-1a%) - a®) g (78)

for ¢ the solution of (59).

Proposition 6 Under (HB4) and (A3), there exists N* € N such that for all the integers
N > N* (77) has a unique solution ey and

llrallx. (79)

-1
wwmszwu—AW@
XX

Proof The proof is similar to that of Proposition 3, so that together with (77) we consider
also the functional equation in X

én = Ly_1AY Vey +r, (80)

noting that their solutions are in one-to-one correspondence through ey = Vey and ey =
ENflA%)eN + ry. We prove then that (80) admits a unique solution for N large enough
by showing through the Banach’s perturbation lemma (see, e.g., Theorem 10.1 in [24]) that
Ix—Ln—1 AE\),‘) V isinvertible with (uniformly) bounded inverse. To this aim we need to prove
that (a) Ix —A™V is invertible with bounded inverse and that (b) || (z:N_lAﬁ@)—AW)V llxx
vanishes as N — 0. As for (a) let us show that, given any ¥ € X, (Ix — AMV)p = has
a unique solution. Indeed, the latter translates into &’ = AW 4 Y for & := V¢, which reads

=g+ Lt
for L in (62) and
guw=[ T(x, Ey, x €011,

Then the same arguments used to prove Proposition 5 applies and (a) is proved. As for (b)
let us write

(x148 = APV = (Lyor = 10APV + (4 — a®) v

and observe that V (X) is a subset of the space C C X of continuous functions. The same
holds for A® V (X) under (HB4). This guarantees that the second addend above vanishes
as N — oo thanks to Lemma 2. Also the functions in Ag\},‘) V (X) are continuous. Moreover,
they are uniformly bounded under (A3) since the corresponding quadrature is convergent and
hence Z;VZO wy, j is uniformly bounded. Then the first addend vanishes as N — oo since
ILn—1—Ix|lx «c vanishes thanks to Corollary of Theorem Iain [14]. Eventually,eny = Vey
gives |len lloo < llen || x and the thesis follows similarly as in the proof of Proposition 3. O

Now, in view of (79) and similarly to Sect. 4.1.3, we evaluate the remainder ry as defined
in (78), a bound of which depends on the smoothness of the map x +— A®(x) (and thus
on that of  and K). Let us recall that this bound will be used below to estimate (73) from
above.
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Proposition 7 Under (HB5) and (A3), there exists N* € N such that for all the integers
N > N*
lrnlix < enlal
with
O(N~%log N) under (HB5.1)
ey = 3 O(N""logN) foreveryintegerr > 1 under (HB5.2)
o k=N log N) for some constant k > 1 under (HBS.3).
Proof From (78) we have
(eva8 =)o =t -] 1o =)o
X oo 00
The first addend above is bounded according to the same arguments used in the proof of
Proposition 4 by recalling, in addition, the uniform boundedness of the functions in the range
of AE\'}) as discussed in the proof of Proposition 6. As for the second addend, one order more

is obtained according to Lemma 2 since the Lebesgue constant is not involved in the bound
(76). The final bound follows by considering that ¢ depends linearly on « through (63). O

Proposition 8 Under (HB5), (HB6) and (A3), there exists N* € N such that for all the
integers N > N*
lgn(A) —g(M)| < en (81)
with
O(N~%log N) under (HB5.1) and (HB6.1)
eN =1 O(N""logN) foreveryintegerr > 1 under (HB5.2) and (HB6.2)
oV log N) for some constant k > 1 under (HB5.3) and (HB6.3).

Proof From (73) we have

v 0 — G| = |10, = T (0, 9)|

1 N
+ / BT (x, B)dx = wy ;i Bley )T (. j. X)
0

j=0

Bl [T 8 - T B
The thesis follows by applying Propositions 6 and 7 through (75) as far as the first and the
third addends in the right-hand side above are concerned. Additionally, Lemma 2 provides

the similar bound for the second addend by taking into account also the hypothesis (HB6)
on S (but with one order less for the same reasons as in the proof of Proposition 7). O

We conclude with the main result for the class of epidemic models (model B), direct
consequence of Theorem 1 and Proposition 8.

Theorem 3 Let A* be a zero of g in (65) with algebraic multiplicity m and r > 0 be such that
A* is the only zero of g in B(\*, r). Then, under (HBS), (HB6) and (A3), there exists N* € N
such that, for all the integers N > N*, gy in (71) has exactly m zeros Ay 1, ..., AN.m
(counted with multiplicities) in BO\*, r) and

max A" — Ayl < p(N)
m
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with
O((N~*1og N)'™) under (HAS5.1) and (HB6.1)
O((N~"log NYY™Y for every integer r > 1 under (HAS.2)
PN = and (HB6.2)
Ok log N)L/my for some constant k > 1 under (HAS5.3)
and (HB6.3).

5 Numerical Tests

We present a series of experiments with the principal aim at giving practical confirmation of
the convergence results of Sect. 4. In particular, we focus also on the effect of the (lack of)
smoothness of the model coefficients as well as of the (lack of) compactness of the relevant
NGO.

To this aim, we investigate the behavior of both the error | R, y — Ro| between the approx-
imated and the exact basic reproduction numbers and the error ||¢ny — @|loo, m between the
relevant exact generalized eigenfunction and its collocation approximation. The latter error
is measured as the maximum absolute value of the difference of the two functions on a
mesh of M equidistant points in [0, /]. Let us remark that ¢y is reconstructed from the com-
puted generalized eigenvector @ associated to the dominant generalized eigenvalue of (25)
through barycentric interpolation [4]. Above, with exact we mean either the theoretical value
(or expression) when explicitly available, or a reference counterpart R, 5 (or ¢5) computed
with a given large N otherwise. In all the following tests we use N = M = 1000.

In Sect. 5.1 below we list all the specific choices of the concerned models by giving
the defining rates and coefficients. We also give some of their key analytical features when
available, e.g., exact values for Ry and possibly for the relevant generalized eigenfunction,
respectively A and ¢ in (5)°. Results and relevant comments are then presented in Sect. 5.2.

Note that most of the following choices differ from those presented in [5] in order to provide
the reader with a larger benchmark. Moreover, and again differently from [5], we restrain to
give biological interpretations as this work focuses on the numerical analysis. Finally, all the
experiments are run on a MacBook Pro 2.3 GHz Intel Core i7 with 16 GB memory, through
codes written in Matlab R2019a (codes freely available at http://cdlab.uniud.it/software). In
particular, let us remark that the discrete generalized eigenvalue problem (25) is solved by
using eig (B/M) rather than eig (B, M), for related comments see Section 4.1.2 in [5].

5.1 Model Choices

For all the instances of model A listed next we set / = 1 and, for x € [0, /],
c(x):=01*—x*  D(x):=D-[2+sin(frx)] > D,
with f = 1 if not differently specified. All the other ingredients are described below.

(TIA) OLet D =2, B(x) := B = 3 and u(x) := t = 1. With these choices the NGO is
clearly compact (recall Proposition 1) and thus Ry is a generalized eigenvalue. Some

9 Hereafter, for brevity, we omit the adjective generalized given as granted the reference to (5).
10 The label (T#A) stands for test number # on model A (the same is used for model B below).
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calculations that we omit allow to recover

Y
Ry = = '3~ = 1.5,
B+nu

with corresponding generalized eigenfunction

X c(y)

$(x) = el DY x 0,1,
normalized as ¢ (0) = 1.
(T2A) For x € [0, 1], let

. X 2
m(x) =T B(x) =B [wx (—x)+1 ]

with i = 1 and B = 3. With respect to Proposition 1 we consider either

(T2.1A) a compact case: D=2 ~
(T2.2A) a “almost non-compact’:case: D =107°;
(T2.3A) the non-compact case: D = 0. 1

Independently of the choices of D, both R and the corresponding eigenfunction are

unknpwn.
(T3A) Let D = 2, i be the same as in case (T2A) and
3, x€l0,lp),
B(x) = '3~
28, x €l 1],

with ,é = 3 and lp = [/2. The NGO is compact (recall Proposition 1), but Ry and the
corresponding generalized eigenfunction are unknown.
For all the instances of model B we set again /[ = 1 and the rest is defined below.
(T1B) For k and o both positive let
~ 11
K(x,y) :=ke*(l —x)*- ,(’ﬁ x,y €01,
f 0 Iy(z)dz

with ITy(x) := (1 — x/1)*. Let, moreover,

1 1 /11— «
N0 = B —“+ ( x)
— X

l

for x € [0, []'2. With these choices the NGO is compact (recall Proposition 2). Since
K above is the product of functions in each of the variables x and y, the NGO becomes
arank one operator and we can explicitly compute

2k(e + DI
(@+2—-0@@+ 1) (a@+4a+5@+6)
We fix Ry = 2.5 for different values of @ and 6 as follows:

Ry =

' 1 this case R( can be computed analytically and it turns out not to be an eigenvalue (see a similar
computation in Section 3.1 of [3]).

12 For this specific choice of 7, and for the sake of pragmatism, with reference to (A3) here we exclude the
last node x n = [ from the computations to avoid overflow. However, the issue can be avoided properly by
using meshes that exclude this extremum by definition, e.g., Chebyshev zeros.
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(T1.1B) a = 1/4,6 =2/5 and k = 62475/256;
(T1.2B) a = 1/4,6 = 0 and k = 80325/256;
(T13B) a = 1,0 =2/5and k = 1155/4;
(T14B) = 1,6 =0and k = 1575/4.

Finally, the relevant generalized eigenfunction is

o =)y
¢(x) =1 —x/I) (C +l/0 = y/l)dy> , x €[0,1],
with
20(a + DI? 0

C = = =Ry,
(x+2—-0(a+ 1) (a+4)(x+5((x+6) k

which, for the choices above, turns out to be a polynomial of degree 5, viz.

C  x34l—3x)
$(x) = —x) 7+T , x €[0,1], (82)
normalized as ¢ (1/2) = C/2 + 517 /384.
(T2B) Forly = 0.1/ and @ = 0.1 let
~ I,
K@m):kaf“”-j—ﬂﬁ—a x,y €l0,1],
fO Iy(z)dz

with either

(T2.1B) f(x,y) :=|x — y|/lp,6 = 0 and k = 141;
(T2.2B) f(x,y) :=|x —yl|/lp,0 =2/5 and k = 124;
(T2.3B) f(x,y) = (x —y)2/I2,6 = 0and k = 189;
(T24B) f(x,y) = (x — y)2/I?,6 =2/5 and k = 137;

and ITy(x) := e~ **U—%)_ Some calculations that we omit give

! +00 e
/ ITy(x)dx = [ (1 — ae“/ dx) .
0 a X

b(x) I,
N = i=9. ) = )
Jo b o (y)dy

forx € [0,/]and b(x) := (x/I )2e=6x/! For these choices the NGO is compact (recall
Proposition 2), but both Rg and the corresponding eigenfunction are unknown.

Let also

5.2 Results

(T1A) Fig. 1 (left) shows a spectrally accurate behavior — the error decays faster than O (N =Ky
for any natural &, [37] — for the approximation of the generalized eigenfunction ¢ (solid line
with circles), confirming Theorem 2 under (HAS5.3). The error on Ry (solid line with bullets)
is instead around machine precision already at low values of N (with a mild algorithmic
instability appearing at larger values). Indeed, with the choice of constant vital rates it is not
difficult to show that (6) can be reduced to a scalar ODE, so that the associated eigenvalue
problem has dimension 1, and it is in fact approximated very well even with low values of N.
The same panel reports also the results obtained with the discretization originally presented in
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AN = @lloc,
10° 10° N
..... [

10’5 F 10-5 L

+‘R0.N - Rnl

ol llén = llsens

1077 e Ry y — Rol, old 1010

-0 |5 — Blloc,ar Old
1015 ot - f=5

5 10 15 20 2530 5 10 20 40 60 100
N N

Fig. 1 Left—(T1A) spectral convergence; right—(T1A) effect of varying f in D. See text for more details

|Ro.n — Ro| 102 |Ro.v *'Rn\ i
] —e— N even
1071k - N odd
L.
oD =1, (T2.1A) 107
103k —-D =107%, (T2.24)
—D =0, (T2.3A)
4lo—0
105k 10 'i\".‘
107 e — o 107 ‘ ‘ ‘
5 10 20 50 100 300 600 50 100 200 400 800
N N

Fig. 2 Left—(T2A) error for increasing N on Ry =~ 1.853050859715361 for (T2.1A) (bullets), Ry =~
1.504307446573413 for (T2.2A) (circles), Ry =~ 1.621272061691218 for (T2.3A) (squares); right—(T3A)
error for increasing N on Ry =~ 1.798169690353490. See text for more details

[5] (dashed-dotted lines): as anticipated in Remark 1 they are practically indistinguishable. In
Fig. 1 (right) we instead investigate the case of varying f = 1, 3, 5in D. While we omit to plot
the convergence to the eigenvalue since unaffected (being the relevant problem of dimension
1 as explained above), it can be seen that the convergence to the eigenfunction is slowed down
as f increases, still being the error spectrally accurate. This is in perfect agreement with the
convergence analysis: the convergence is spectral since D is smooth (indeed real analytic),
yet the error constant is proportional (also) to the growth of the derivatives of D, and hence
to f. In this respect see the proof of Proposition 4 and the dependence on the derivatives of
AWMy for A® in (30).

(T2A) The results reported in Fig. 2 (left) about the error with respect to the reference
value R j show spectral accuracy for (T2.1A), where compactness of the NGO is ensured
according to Proposition 1. Theoretically, also (T2.2A) guarantees compactness, but it is
clearly visible from the plot that much larger values of N are necessary to start appreciating the
spectral accuracy. Indeed, given (30) and its role in the convergence analysis, it is reasonable
that the value of D affects the error constants, causing their increase as D — 0, still being the
problem compact as far as D > 0 as assumed in HA3. When we deal instead with (T2.3A),
where the absence of diffusion causes the loss of compactness, convergence still occurs, even
though at a fixed rate (seemingly linear). The fact is somehow surprising (and certainly merits
future investigation), given that in absence of compactness (5) may even become meaningless
and we are thus using a finite-dimensional eigenvalue problem to approximate components
of the spectrum possibly other than the point one. See also [5, Figure 3] for a similar example.
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10 " ‘ -
—e—| Ry — Ry|, (T1.3B)
——|lpn — ¢||, (T1.3B)
°r St ——|Ryn — Rol, (T1.4B)
: : 10 —+—lon — @ll, (T1.4B)
——|Ron — Rol, (Tl 1B) n“"“-‘h::..
o[ | llox = ¢ll, (T11B) o
10 —%=|Ro,x — Rol, (T1.2B) 10
——[l¢ox — Bllo, (T1.2B)
101 ‘ : AN 1015 = s
5 10 15 20 2530 5 10 15 20 2530
N N

Fig. 3 Left—convergence for (T1.1B) and (T1.2B), i.e., « = 1/4; right—convergence for (T1.3B) and
(T1.4B), i.e., @ = 1. See text for more details

(T3A) As expected from Theorem 2, convergence is not attained as f is not even continuous,
Fig. 2 (right). This is true for N odd (solid line with circles), even though the error is anyway
small. Yet unsurprisingly, convergence is scored with N even (solid line with bullets) since,
under (A3), the discontinuity point //2 is always included in the discretization mesh. Note,
however, that the rate appears to be only linear. In this respect, let us remark that a piecewise
collocation is the only reasonable remedy to the issue, and the authors reserve to investigate
this generalization in a future work.

(T1B) Starting from (T1.1B), Fig. 3 (left, solid lines) shows convergence to both Ry and the
relevant eigenfunction, but with trends different from what experimented so far. Concerning
the approximation of R, according to Theorem 3 the lack of smoothness of 8 fora = 1/4 < 1
(being rational and blowing up at x = /) prevents the method to perform the standard spectral
accuracy, and convergence of fixed order (seemingly 4) occurs. The same trend is observed
also concerning the approximation of the eigenfunction. Indeed, recall from (82) that the
latter is a polynomial of degree 5, which justifies the visible drop of the error occurring with
N = 6. Yet ¢ depends on the constant C, and hence on Ry, causing the convergence of
fixed order as explained above. Passing to (T1.2B), Fig. 3 (left, dashed-dotted lines), we see
that the same behavior is observed concerning the convergence to Rg. Instead, with respect
to the eigenfunction, a sudden drop of the error to machine precision occurs with N = 6
in perfect accordance with Proposition 7. Here there is no effect of the approximation of
Ry since the constant C in (82) vanishes being & = 0. As far as (T1.3B) and (T1.4B) are
concerned, Fig. 3 (right), the just mentioned sudden drop of the error for N = 6 occurs for
both the approximation of Rg and the relevant eigenfunction, independently of the value of
6. Indeed, these cases share the common value @ = 1, for which g is linear and hence enough
smoothness is granted.

(T2B) According to Theorem 3, convergence is not guaranteed for (T2.1B) given the lack of
smoothness of K, yet not ruled out being the result a sufficient condition. In fact the method
is still able to converge, seemingly with order 2 (both to Rg and to the eigenfunction),
Fig. 4 (left). An explanation of this positive behavior relies on the hyphotesis (HBS) on K in
Theorem 3, which is about the map x — K (x, y) for almost all y. In this respect it happens
that for every mesh point y, the discontinuity which arises only at x = y is included in
the relevant mesh, as the latter is necessarily the same for both directions. For the sake of
comparison, Fig. 4 (left) reports also the results about the smooth kernel of (T2.3B), the same
considered in case (B3) of [5]. For the latter, smoothness guarantees the expected spectrally
accurate behavior. Both tests concern & = 0. The case 6§ = 2/5 of (T2.2B) and (T2.4B) is
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1074
107
~e~|Ro,v — Rol, (T2.1B) —o—|Ron — Rol, (T2.2B)
——[lpn — &, (T2.1B) ——[lgpn — &, (T2.2B)
——|Ryy — Ry|, (T2.3B) ——|Rox — Rol, (T2.4B)
10| ——¢x — ¢l (T2 dB) 10| ——|léx — }lloo, (T2.4B)
10 10
10 20 50 100 300 600 10 20 50 100 300 600
N N

Fig.4 Left—convergence to R0 & = 2.499486715274162 for (T2.1B) and to R0 & = 2.506858993699479
for (T2.3B), i.e., # = 0; right—convergence to R(J § = 2.504893610018024 for (T2.2B) and to R() N
2.501711815944655 for (T2.4B), i.e., 6 = 2/5. See text for more details

illustrated in Fig. 4 (right), where no difference arises with respect to the behavior above
described.

6 Concluding Remarks

In this paper we contribute a full analysis of theoretical (compactness) and numerical (error
and convergence) aspects of the collocation approach proposed in [5] to compute the basic
reproduction number of structured population dynamics. On the one hand, we prove under
mild regularity assumptions of the models coefficients that the concerned operators are com-
pact, so that the problem can be properly recast as an eigenvalue problem thus allowing for
discretization (Sect. 3). On the other hand, we prove through detailed and rigorous error and
convergence analyses that the method indeed performs the expected spectral accuracy as
thoroughly experimented in [5] (Theorems 2 and 3).

Let us recall that Ry is a key quantity in addressing the evolution of structured popula-
tions describing realistic phenomena in both ecology and epidemiology. As for the latter,
for instance, the epidemic character of diseases like COVID-19 highly depends on the age,
location and other heterogeneity of the host population. Therefore, computing Ry for epi-
demic models with multiple structuring traits is quite important from a practical viewpoint.
Extension of the proposed approach in this direction resorting to multivariate collocation is,
in fact, among the plans of the authors (and colleagues).

Also several other directions are already under consideration, a brief summary of which
follows.

The investigated approach heavily relies on the compactness of the NGO. Yet some of the
numerical experiments clearly show that reasonable approximations to Ry can be obtained
even if the latter is not (necessarily) an eigenvalue. The relevant analysis demands for non-
standard theoretical and numerical tools as one should aim at approximating parts of the
spectrum other than the point one.

In the current work we assume the birth operator to be bounded, see Note 2. Though being
a common assumption, there are models relying on unbounded B (see, e.g., [1]) yet with
bounded NGO. Thus an extension in this respect is worth a try.

From the numerical standpoint, other valuable (yet perhaps more technical) extensions
on which the authors plan to work include the multivariate case X" mentioned in Note 1, as
well as the piecewise extension as arisen in commenting (T3A).
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Finally, a last direction with much relevance in applications is towards models with time-
periodic or even time-heterogeneous coefficients [20,22], for which a numerical treatment
completely lacks.

Acknowledgements DB and RV are members of INAAM Research group GNCS and are partially supported
by the INDJAM GNCS Projects “Problemi di evoluzione e loro discretizzazione: questioni di stabilita lineare e
non lineare” (2019) and “Analisi numerica di sistemi evolutivi complessi” (2020). TK is partially supported by
JSPS Grant-in-Aid for Early-Career Scientists (Grant Number 19K14594). JR is part of the Catalan research
group 2017 SGR 1392 and has partially received support from the Spanish Ministry of Science and Innovation,
references MTM2017-84214-C2 and RED2018- 102650-T, and from the University of Girona, reference
PONT2019/08.

Funding Open access funding provided by Universita degli Studi di Udine within the CRUI-CARE Agreement.

Compliance with Ethical Standards

Conflict of interest The authors declare that they have no conflict of interest.

Data Availability Data sharing not applicable to this article as no datasets were generated or analysed during
the current study.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence,
and indicate if changes were made. The images or other third party material in this article are included in the
article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is
not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder.
To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

A Auxiliary Results

Propositions 9 and 10 below are used in the proof of Proposition 5 in Sect. 4.2 and concern the
integral operator L defined in (62). Prior to prove them note that the function 7 introduced
in (20) satisfies

Tx,y)=T(x,2)T(z,y) (83)
for every x, y, z € [0, ] and

T(x,0)' =T(0,x) (84)

for every x € [0, [].
Proposition 9 Under (HB1) and (HB2) L is compact.
Proof The proof follows the same lines of that of Proposition 2 (and hence that of Proposi-
tion 1), once observed that L in (62) is the same integral operator appearing in (22), but for
the lower integration extremum x replacing O and Bg/A replacing . As for the latter, note
that B is bounded under (HB2). ]
Proposition 10 Letx € [0, []in (59). Under (HBI1) Ix — L is injective if and only if x € (0, [].

Proof We first prove that x = 0 implies Ix — L not injective. To this aim we look for a
nontrivial ¢ € X satisfying

X 1
o) = /0 T(x, )5 B0y, x € [0,11
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Equivalently, ¢ solves the IVP

1
{w’(x) = —0pW) + 5 (BOX), x €0,
0) =0.

Then it is clear that such a ¢ exists since it is an eigenfunction of the generalized eigenvalue
problem (5) in the case 6 = 0.

Next we assume x € (0, /] and prove that /x — L is injective. We proceed by contradiction,
thus letting ¢ € X \ {0} be such that

X 1
o(x) = / T(x, )5 B0y, x € [0,1] (85)

Note that ¢ (x) = 0 together with
i

X 1 1
o(x) = / T, )5 (Bo)(dy - f T(x, 3)5 (B0
0 0

= 1(M*i?«p)(x) ~T(x,00H <13¢; 9)
A A
—T(x, %) E(M”Bgo)@) —TX,00H (%B(p; 9)]

1 1
= X(M*B«p)(x) —T(x, )E)X(M’l&p)(i) (86)

as it follows from (22) in the proof of Proposition 2. Observe that (85) implies also

0 1
0(0) = / 70.)5 (BO)()y.

Assume ¢(0) > 0. Since ¢ is continuous, there exists some x € (0, x] such that ¢(x) > 0
for every x € [0, X) and ¢(x) = 0. Assume also X < x. Then the absurd
X

0 1 1
0 <90 =[ T(0, y)X(Bgo)(y)dvaf T (0, y)X(Bw)(y)dy

X

0 1
=ﬁ T(0, y)X(Bgo)(y)dy +T(0, X)p(%)

0 1
:[ 70, y)x(Bso)(y)dy
<0

since A > 0 (as spectra radius of a compact positive operator), T is positive and B has
non-negative kernel under (HB1). Let therefore X = X, but the absurd follows again as

0 1
0= = [ T0.9; By <0

by the same reasoning. As the case ¢(0) < 01is equally ruled out, we conclude that ¢ (0) = 0.

Now recall that the definition of L as well as its properties are independent of the parameter
0 characterizing D(M), so that we are free to choose any value for the latter. For the sake of
simplicity let us set then & = 0. Accordingly, H in (21) vanishes and hence

0 1 1
©(0) =ﬁ T (0, y)X(B@(y)dy = —T(O,i)X(M‘le)(i)
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follows from (22) by applying (83). Then, by applying (84), (M ~! Bp)(X) = —AT (%, 0)p(0) =
0 and hence (86) becomes

Lo
) =M~ Bo)(x), x €0,1]
Moreover, 6 = 0 and ¢(0) = 0 imply ¢ € D(M), so that the latter equation is equivalent to
By = XMgp.

Since A is the spectral radius of the positive compact operator BM ~!, the Krein-Rutman
theorem [23] ensures that there exists a positive eigenfunction £ of BM ! and hence it easily
follows from (22) that ¢ = M~ '£ is non-negative and it vanishes only at x = 0, which
contradicts the existence of x € (0, /] such that ¢(x) = 0 according to (85). Therefore there
isno ¢ € X \ {0} such that ¢ = L¢ and thus Iy — L is injective. O
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