Analysis and Mathematical Physics (2021) 11:166
https://doi.org/10.1007/s13324-021-00570-9

®

Check for
updates

Effect of density dependence on coinfection dynamics

Jonathan Andersson' . Samia Ghersheen' . Vladimir Kozlov' -
Vladimir G. Tkachev'® - Uno Wennergren?

Received: 19 January 2021 / Revised: 16 June 2021/ Accepted: 19 June 2021
© The Author(s) 2021

Abstract

In this paper we develop a compartmental model of SIR type (the abbreviation refers to
the number of Susceptible, Infected and Recovered people) that models the population
dynamics of two diseases that can coinfect. We discuss how the underlying dynamics
depends on the carrying capacity K : from a simple dynamics to a more complex. This
can also help in understanding the appearance of more complicated dynamics, for
example, chaos and periodic oscillations, for large values of K. It is also presented
that pathogens can invade in population and their invasion depends on the carrying
capacity K which shows that the progression of disease in population depends on
carrying capacity. More specifically, we establish all possible scenarios (the so-called
transition diagrams) describing an evolution of an (always unique) locally stable equi-
librium state (with only non-negative compartments) for fixed fundamental parameters
(density independent transmission and vital rates) as a function of the carrying capac-
ity K. An important implication of our results is the following important observation.
Note that one can regard the value of K as the natural ‘size’ (the capacity) of a habitat.
From this point of view, an isolation of individuals (the strategy which showed its
efficiency for COVID-19 in various countries) into smaller resp. larger groups can be
modelled by smaller resp. bigger values of K. Then we conclude that the infection
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dynamics becomes more complex for larger groups, as it fairly maybe expected for
values of the reproduction number Ry ~ 1. We show even more, that for the values
Ro > 1 there are several (in fact four different) distinguished scenarios where the
infection complexity (the number of nonzero infected classes) arises with growing K.
Our approach is based on a bifurcation analysis which allows to generalize consid-
erably the previous Lotka-Volterra model considered previously in Ghersheen et al.
(Math Meth Appl Sci 42(8), 2019).

Keywords SIR model - Coinfection - Carrying capacity - Global stability

1 Introduction

Two or more pathogens circulating in the same population of hosts can interact in var-
ious ways. One disease can, for instance, impart cross-immunity to the other, meaning
that an individual infected with the first disease becomes partially or fully immune
to infection with the second [7,18]. One disease can also mediate the progression of
another disease in a population.

Therefore it is important to understand the dynamics of coexistent pathogens. In
epidemiology the interaction of strains of the same pathogen, such as influenza or
interacting diseases such as HIV/AIDS and hepatitis is very common and involves
many complexities. The central problem in studying such systems is the explosive
growth in the number of state variables of the system with the linear increase in the
number of strains or pathogens [13]. Mostly these strains or pathogens are interacting
in a way which has limited the analytical progress in understanding the dynamics for
such systems. In this regard, it is a challenge to understand the dynamics and evolution
of pathogens in populations. The complexity of multiple strain models allows a great
variability in modelling strategies. Recently, attention has focused on understanding
the mechanisms that lead to coexistence, competitive exclusion and co-evolution of
pathogen strains in infectious diseases which is important from the management of
disease perspective.

Several studies exist on the coinfection with specific diseases. There is also an
active research [7,14,16,17,19] which has addressed this issue in general. In [6], a
mathematical model has been studied and it showed that for strains with differing
degree of infectivity, all strains will get extinct except those that have the highest basic
reproduction number. Allen et al in [1] showed coexistence only occur when the basic
reproduction number is large enough for persistence of strains. They numerically
illustrate the existence of globally stable coexistence equilibrium point. In another
study, Allen et al [2], studied an SI model of coinfection with application on hanta virus.
They assumed a logistic growth with carrying capacity and horizontal transmission of
both viruses and yet only vertical transmission of virus 2. The condition of coexistence
of two strain is described.

In [4], a SIR model with vertical and horizontal transmission and a different popu-
lation dynamics with limited immunity is considered. It is shown that the competitive
exclusion can occur which is independent of basic reproduction number but a threshold.
The existence and stability of endemic equilibrium is also shown. Since coinfection



Effect of density dependence on coinfection dynamics Page3of25 166

involves many complexities, many studies are only restricted to numerical simulations
to understand the dynamics.

Nevertheless, mathematical modelling is one of the effective tool to understand
the dynamics of biological system. But the major challenge is to balance between
the practicality and mathematical solvability of the model. The cost of realisticity in
mathematical modelling is the diminution of mathematical machinery.

The way to deal with this challenge is to divide the model into different sub mod-
els. The differences between the models is due to different biological assumptions.
There are two major advantages with this approach. First is the understanding of the
system completely under certain assumptions. It can help to apply it to some real-life
situations, since the controlling strategies for a diseases sometimes transforms the
original system to a more simple one. In those cases the complete information about
such simplified system is needed to deal with that type of unexpected situation from
management prospective. The second is, by relaxing assumptions, one can understand
the role of each new parameter and its effects on the dynamics of epidemic.

One of the important characteristics, to understand the coinfection dynamics is
transmission mechanism. In paper [12] we have developed a SIR model to understand
the dynamics of coinfection. Limited transmission is considered and the competitive
exclusion principle is observed. The transition dynamics is also observed when the
equilibrium points exist in the form of branches for each set of parameters. The com-
plete dynamics of the system for all set of parameters is described by using linear
complementarity problem. It appeared that there always exist an equilibrium point
which is globally stable. It is showed that the dynamics of the system changes when
carrying capacity changes. There are certain assumptions on the transmission of coin-
fection in that model. It is assumed that the coinfection can only occur as a result
of contact between coinfected class and susceptible class, coinfected class and single
infected classes. Interaction between two single infected classes is not considered.
Also the simultaneous transmission of two pathogens from coinfected individual to
susceptible individual is assumed.

In this paper we develop a density dependent SIR model for coinfection which is
a relevant extension of the model presented in [12] to understand the role of each
new transmission parameter in the dynamics. Our aim here is to investigate how the
dynamics changes due to a certain parameter, which in our case is the carrying capacity
K, from a simple dynamics to a more complicated. This can help in understanding
the appearance of more complicated dynamics for example chaos etc. Contrary to
[12], we could no more make use of the linear complementarity problem due to some
additional term which appeared by relaxing the assumption of interaction between two
single infected classes. We instead used a technique based on bifurcation analysis. The
density dependent population growth is also considered. It is presented that pathogens
can invade in population and how their invasion depends on the carrying capacity K.
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Fig. 1 Flow diagram for two strains coinfection model. The expression next to the arrows indicates the
relative flow out of the respective compartment

2 Model formulation and the main result
2.1 The model

The present model is displayed in Fig. 1. More precisely, we assume that the single
infection cannot be transmitted by the contact with a coinfected person. According to
Fig. 1, this process gives rise to the system of ODE:s:

S =@ - %) —al) —axlh — a3l2)S,

Ii = (1S =il —yilh —p),

I} = (28 —mln —y2l1 — u2) o, (1)
Iy = (@3S +mly +mbh —p3) i+ v,

R = pili + pala + p3112 — daR,

where we use the following notation:

S represents the susceptible class,

I and I are the infected classes from strain 1 and strain 2 respectively,
11> represents the co-infected class,

R represents the recovered class.

Following [2,6,20], we assume a limited population growth by making the per capita
reproduction rate depend on the density of population. The recovery of each infected
class is presented by the last equation in (1). The fundamental parameters of the system
are:



Effect of density dependence on coinfection dynamics Page50f25 166

e r = b — d is the intrinsic rate of natural increase, where b is the birthrate and dj
is the death rate of S-class,

e K is the carrying capacity (see also the next section),

e p; is the recovery rate from each infected class (i = 1, 2, 3),

e d; is the death rate of each class, (i = 1, 2, 3, 4), where d3 and d4 correspond /1
and R respectively,

o ui=pi+di,i=1,2,3.

e 1, ap, a3 are the rates of transmission of strain 1, strain 2 and both strains (in the
case of coinfection),

e y; is the rate at which infected with one strain get infected with the other strain
and move to a coinfected class (i = 1, 2),

ey =yi+»,

e 1); is the rate at which infected from one strain getting infection from a co-infected
class (i =1, 2);

Summing up all equations in (1) we have
N =r(1 = 2)S —dily —dy [, — d311> — dsR 2)

where N = S + I + I + 112 + R is the total population.

We only need to consider the first four equations of (1) since R appears only in
the last equation, hence it does not affect the disease dynamics. Rewrite the reduced
system as

S =@(—32)—aly —axh —a3l)S

Il =(S—nlp—yilh— )l 3)
I} = (S —mhy—y2l1 — )l

I, = (@3S +nily +mbh — pu3) 2 + v I

Furthermore, we only consider the case when the reproduction rate of the susceptible
class is not less than their death rate, i.e.

r>0 <& b>dp.

Indeed, it is easy to see that the population will go extinct otherwise. The reduced
system is considered under the natural initial conditions

$0) >0, L(0)=0, (0)=0, 200 =0. “

Then it easily follows that any integral curve of (1) with (4) is well-defined and staying
in the non negative cone for all # > 0.
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2.2 Reproduction rates

It is convenient to introduce the notation

0’,‘12&, 1<i<3.
o

We shall always assume that the strains 1 and 2 are different, i.e. o1 # o07. Then by
change of the indices (if needed) we may assume that

o1 < o).

Under this assumption, /1 is the primary disease, by which we mean that it is the
disease most inclined to spread through a naive population.

Furthermore, let us first assume that the populations of the susceptible class and only
one infected class are non-zero. Let us suppose that only /; (for some fixed i € {1, 2})
is non-zero. Then (3) reduces to
{S/ =01 —-2)—ol)S )

I = a;(S— o)

It is easy to see that there always exist two equilibrium points: the trivial equilibrium
E1 = (0, 0) and the disease-free equilibrium E, = (K, 0). If K > o; then also exists
(in the positive cone) the coexistence equilibrium E3 = (oj, ole-(l — %)). Next, an
elementary analysis shows that the following is true.

Proposition 1 The trivial equilibrium state E| is always unstable. For any positive
K # o; there exists a unique locally stable equilibrium point E(K):

o if0 < K < o then E(K) = E3;
o if K > o then E(K) = Ej.

The reproduction number

K
Ro(l}) == — (6)

Oj

can be used as a threshold. In other words, the transition, with increasing K, from the
disease-free equilibrium state to the disease equilibrium (the coexistence equilibrium
point) occurs exactly when the reproduction number Ry(/;) of the corresponding
infected class I; exceeds 1. We illustrate the transition by the diagram

E, — Es.
The latter also clarifies the meaning of the parameter o; as the critical carrying capacity.

Note that a more aggressive virus / has a greater value of Ry (/). For a fixed value of
the carrying capacity K this implies that a more aggressive virus I has a smaller value
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of o (which, for example, means smaller recovery rate p or greater rate of transmission
o).

It is natural to assume that the reproduction number of coinfection must be less
than that of virus 1 and 2 respectively [15]. Due to this fact, it is natural to assume the
following:

o] < 0p < 03. (7)

2.3 Some important notation

In order to keep expressions short we will use the following notations

n ool
Ay = =) — Mo 8
o m o niaa — n2a ()
and
nm M
= = - . 9
HT gy | T A2 T2 9)

We shall assume that the parameters of (3) satisfy the following non-degenerate con-
dition:

Ay # 0. (10)

This condition has a natural biological explanation: the virus strains 1 and 2 have
different (co)infections rates. Let us define

oa1Qa3 * M

Al = —— — , = — 11

1 " (03 —o1) n A (1D
a3 n

Ay = —— — , == 12

2 " (03 —02) > A5 (12)
[e312%) V1

A3=—=(0r—o01), y*Fi=-—. (13)
r Az

By (7) Ay, Az, Az > 0. We also have
arAl = a3A3z + a1 Ar (14)
and

A =" A5+ 0180 = P45 + 02, (15)
o1 [6%)

hence A3 > 0 implies

Ay > 01Ay Ay > 0Ag. (16)
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This implies an inequality which will be useful in the further analysis:
02(Ay + 1203) < Ay + yous3. (17
We shall further make use of the following relations:

oy Al
MAy —mA; <n—A1 —mA| = Ay—. (18)
(23} o]

On the other hand, one has

_ (A,u — Ay03)03

19
A1A2r ( )

M —m

Remark 1 The parameters n; can be thought of as the normalized co-infection rates.
They play a distinguished role in the analysis of the thresholds given below.

2.4 The carrying capacity

The concise meaning of the parameter K becomes clear if we consider the limit case
of (3) when the virus infection is absent, i.e. I} = I = I}p = 0. Then (1) reduces to
the system

s’=r(1_i>s (20)

R = —R, (2D

where the first Eq. (20) is the famous logistic (Verhulst) equation, r is the intrinsic
rate of natural increase and K is the carrying capacity of the system. The carrying
capacity K is one of the most fundamental parameters in population dynamics and
it usually expresses the upper limit on the size of hypothetical populations, thereby
enhancing mathematical stability. In basic ecology one defines carrying capacity as the
equilibrium population size. Indeed, coming back to (3), we can see that K coincides
with the healthy population size for the disease-free equilibrium. Mathematically this
means that for any positive initial data, the corresponding solution of (20) converges
to K as t — oo. Furthermore, the equilibrium state Gogo := (K, 0, 0, 0) is the only
possible equilibrium point of (3) with all 7; = 0.
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2.5 The mainresult

Equilibrium points of (3) are determined by the system

S
(}’ <1 — ?) —a1h —arlr —0[3[12) S =0,

(1S —miliz —yila —p1)i =0, (22)
(@28 —mlip —y2li — u2) 1 =0,
(@3S +mIi +nl — pu3)lio + vl =0.

It is elementary to see (see also Proposition 3 below for more explicit representations)
that except for the trivial equilibrium point

0 =1(0,0,0,0)
and the disease-free equilibrium
Gooo = (K, 0,0,0),

there exist only 6 possible equilibrium points. The indices i, j, k € {0, 1}, in the
notation G; ; x are boolean variables that indicates if the corresponding disease com-
partment is nonzerp or not.

e three semi-trivial equilibria G199, Go10, Goo1 With only one nonzero infected class,
i.e. I; # 0 for some i;

e two coinfected semi-trivial equilibria G101, Go11 with I12 # 0but 11, = 0;

e the coexistence equilibrium G111 with SI11x112 # 0.

Our main result extends the results obtained in [12] on the case of arbitrary values
of y;. More precisely, we will prove that we have the following possible scenarios for
developing of an equilibrium point as a continuous function of increasing carrying
capacity K:

Theorem 1 Let us assume that
0 < n} < max{l, n3}. (23)

Then there is exactly one locally stable nonnegative equilibrium point. Furthermore,
changing the carrying capacity K, the type of this locally stable equilibrium point
may be exactly one of the following alternative cases:

(i) for n{ < 1 one has Gooo — G1o0. More precisely,

e if0 < K < o1 then Goop is locally stable;
e if K > oy then G is locally stable.

(i) forl < n’f < 17;‘ one has Gooo — G100 = G101 — Goo1. More precisely,

e if0 < K < o1 then Goop is locally stable;
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e ifo; < K < K then G is locally stable;
e if K| < K < K3 the point G is locally stable;
e if K > K3 then the point G is locally stable

where

cr1’7>{E Ky = EKl

Ki=——,
! ny —1 o1

Remark 2 We consider the remaining case
n} > min{1, n3}

in the forthcoming paper [3]. This requires a delicate bifurcation analysis with appli-
cation of methods similar to the principle of the exchange of stability developed in
[8]; see also [9] and [5] for recent applications in population analysis. We will show
that in the remained cases one has the following two transition diagrams:

(iii) Gooo — G100 = G101 = G111 — Goi1 — Goors
(iv) Gooo = Gioo = Gio1 — G-

Furthermore, G111 may loose stability for large K and small y; in the latter case.
Remark 3 In particular, the above result implies that there are only three possible
“final destination’ equilibrium states, namely G190, Goo1 and G111. These are thus the

possible scenarios for high density populations where the disease can spread easily
due to crowdedness.

3 Basic properties of equilibrium points

First we discuss some general results and equilibrium point analysis for (1).

3.1 A priori bounds

In this section we discuss only stable equilibrium points with nonnegative coordinates.
We denote

Y=(S, 0L, DL, In).

In what follows, by an equilibrium point we always mean an equilibrium Y of (3) with
nonnegative coordinates, Y = (S, I, I, I12) > 0.

In the next sections we identify all equilibria of the system (3) and determine their
local stability properties. First, let us remark some useful relations which hold for any
nonnegative equilibrium point of (3).
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Lemmal Let Y = (S, I, Ib, I12) # (0,0,0, 0) be a nontrivial equilibrium point of
(3) with nonnegative coordinates. Then

0<S<K, (24)
and the right equality holds if and only if Iy = I = 112 = 0, i.e. precisely when
Y = Gooo := (K, 0,0,0).
Furthermore,
o1 < S < min{K, o3}, (25)

unless Y = Goop.

Proof Let S = 0. Then we have from the second equation of (22) that (12 +y1 12 +
w1)I1 = 0, where the nonnegativity assumption gives 91112 + y1lo + u1 > p1 > 0,
hence /1 = 0. For the same reason, I, = 0, thus the last equation in (22) yields
u3l12 = 0, hence I15 = 0 too. This proves that Y = (0, 0, 0, 0), hence implying the
left inequality in (24).

Now assume that Y = (S, I1, I, I12) # (0,0, 0, 0) is an equilibrium point. Since
S # 0, we have from the first equation of (22) that

r(K —S)

e (26)

ol +arlh + a3lp =

In particular, the nonnegativity of the left hand side in the latter identity implies that
K — § > 0, i.e. proving the right inequality in (24). On the other hand, summing up
the equations in (22) we obtain

r(K —$)S

pily + poly + palin = X (27
Assuming that § # K and dividing (27) by (26) we get
S — wili + polo + pslin
arli +axlr +a3lin
which readily yields (25). O

This implies, in particular

Corollary 1 For any equilibrium point Y # (0,0,0,0) and Y # Gooo there holds
K > o.

Notice that for G, all I; = 0, otherwise we have
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Corollary 2 If an equilibrium point Y is distinct from Gogy := (K, 0, 0, 0) then (26)
implies the following a priori bound on the I-coordinates:

o <S<o3 O0<L<—, i=123, (28)

A

where r is the intrinsic rate of natural increase. In other words, any equilibrium point
distinct from Gooo lies inside a block with sides depending only on the fundamental
constants.

The trivial equilibrium point O = (0, 0, 0, 0) is the equilibrium of no disease
or susceptible and the standard (local asymptotic) stability treatment shows that this
point is always unstable. The first nontrivial equilibrium point Gy is the disease-free
equilibrium, i.e

Gooo = (K, 0,0,0)

and it always exist (for any admissible values of the fundamental parameters). The
argument of [12] is also applicable in the present case because the stability analysis
for Goop does not involve y;, so it is literally equivalent to that given in [12]. Repeating
this argument (see section 8 in [12]) readily yields the following criterium.

Proposition 2 The following three conditions are equivalent:

(a) the disease-free equilibrium point Gooo is locally stable;
(b) the disease-free equilibrium point Gooo is globally (asymptotically) stable;
(c) 0 <K < oj.

Remark 4 The latter proposition is completely consistent with the dichotomy of the Ry-
number (the reproduction number, sometimes called basic reproductive ratio). Recall
that in epidemiology, the basic reproduction number of an infection is the expected
number of cases directly generated by one case in a population where all individuals
are susceptible to infection. In our case, using the formal definition (see for example
[10]), one has

K ) K
RO:max{—:1§z§3}=_,
o] [oa]

using the fact that the first strain is the most inclined to spread.

In this notation, Ry < 1 corresponds exactly to the scenario when the infection
will die out in the long run (i.e. the only asymptotically stable equilibrium state is the
disease-free equilibrium point Ggp), while Ry > 1 means the infection will be able
to spread in a population. Therefore, in what follows, we shall focus on the nontrivial
case Rp > 1 with different scenario admitting the equilibrium states with some of
1, I, I1» nonzero.
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3.2 Explicit representations of equilibrium points

Coming back to (22), note that the Bezout theorem yields (in generic setting) that
a quadratic system with four equations and four independent variables has 2* = 16
distinct solutions (counting the identically zero solution (0, 0, 0, 0)). In fact, in our case
we have only one-half of the relevant (the Bezout number) solutions. More precisely,
we have

Proposition 3 Except for the trivial equilibrium O = (0, 0, 0, 0) and the disease-free
equilibrium Gooo = (K, 0, 0, 0) there exist only the following equilibrium states:

r o1
Gioo = (01, 11,0,0), 11=—<1——>, (29)
o K
r o)
Goio = (02,0, ,0), I :=— (1 - —), (30)
o K
r o3
Goor = (03,0,0, I12) 112=—(1——), 31
o K
o1 K u3 w (K
Gio1 =(5, 11,0, I1), S=——, =—<1——), 1122—(——1),
K n 2 n \ Ki
(32)
01K n3 K w2 [ K
Goi1 =(5,0,I, I12), S=—, 12=—(1——), 112=—<——1>,
K; Up) K4 n \ K3
(33)
Gi11 = (S, 11, I, In), 34
where
o213 03
K3 = — , K4y = —Kj3.
b -1 02

and there may exist at most two distinct points of type G111.

Proof LetY = (S, I1, I, I12) # O, Gopo be an equilibrium point. Then by Lemma 1
S > 0 and by the assumption some of coordinates /1, I, I} must be distinct from
zero. First assume that /1o = 0. Then the last equation in (22) implies 71 /> = 0. By the
made assumption this implies that exactly one of 1 and I, is nonzero while another
vanishes. This yields G1go and Gojg in (29) and (41), respectively. Now, let 115 7# 0
but /1l = 0. Then the last equation in (22) implies &3S + 1111 + n2l> — pn3z = 0.
An elementary analysis reveals exactly three possible points Ggg1, G101 and G in
(31)—(33). Finally, consider the case when all coordinates of Y are distinct from zero.
Since Y is distinct from O and Gqp, it must satisfy (26), (27). Also, since I, I» # 0,
we obtain from the second and the third equations (22) the following system:

-
wily +polr + pslpp = E(K - 5)S,

e
arly +axlr +azlp = f(K -9,
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a1S —yil —nilip — 1 =0,
arS — yaly —m2lip — 2 = 0.

Rewriting these four equations in the matrix form as follows

1 op2 m3 g (S—=K)S\ [ 0
Tg_
o] oy a3 K(S K) L1 10 (35)
0O v m pr—aS P 0
v 0 m  u—as 1 0

we conclude that (11, I, 112, I)T is a 0-eigenvector of the matrix in the left hand side
of (35), thus, the first coordinate S satisfies the determinant equation

P(S) := p2S* + p1S + po =0,

where
m1 p2 u3 g (S—K)S
ap ay a3 (S —K)
P(S) := K 36
5 O m m pm—aS (36)
v 0 m  u2—owS
and
M1 p2 U3 0 M1 M2 U3 o —Db
o] oy o« —b o] oy o« £
po=|¥ @ @ o R £ |
0 v m M1 O v m -—o
v 0 m 2 v 0 m -
H1 M2 M3 g
1o [0%) o3 0
P2=1o 9 m o0
v 0 m 0

In particular, it follows that P (S) is a quadratic polynomial in S, therefore there may
be at most two distinct inner points of type G111. The condition P(S) = 0 is sufficient
if y,» < Ba O

o3

It follows from Proposition 3 that all the boundary (edge) stationary points are
uniquely determined and can be found by explicit formulas. The existence and unique-
ness of coexistence (inner) points of type G;; is more involved (in contrast with the
Lotka-Volterra case y = 0) and depends on the value of y.

We study the existence and the local stability of inner points by a bifurcation
approach in the forthcoming paper [3]. Notice also that in the particular case y; = 0,
the characteristic polynomial (36) becomes a linear function expressed explicitly by

P(S)|y=pp=0 = ajaz(01 — 02) (A, — SAy)
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where we used the notation in (15). This considerably simplifies the analysis, see [12].

Lemma 2 The following holds:

(i) Foreach Gj, j = 1,2,3,5, there exists ¢ > 0 (depending on the fundamental
parameters o;, Wi, N; and y;) such that |G ; — G111l > &.
(i) Let Goio be given by (30) and § := o1 S* — y115 — 1 > 0 (or equivalently
y* < K/(K — 02)). Then there exists €(8) > 0 such that |Goio — G111l > €(8).
(iii) Let Go; be given by (32) and § := arS* — mp 11 — yzll* — w2 # 0. Then there
exists €(8) > 0 such that ||G101 — G111 = ().
(iv) Let Go11 be given by (34) and § := o1 S* — ml1o — y1I{ — n1 # 0. Then there
exists €(8) > 0 such that ||Go11 — G111l > €(6).

Proof (i) We prove the assertion for j = 5 since the other cases are considered in a
similar way. The second and the third equations in (22) near the point Goo; have the
form

(1K —p1 + 01 =0, (2K —puz2+ 0(€)r =0, (37)

where € = ||Goo; — G111]|- By the assumption (7), one of the numbers o1 K — 1y,
a2 K — 1y does not vanish and so the corresponding coefficient in (37) does not vanish
for small €, which implies (i) for Goo1. Proofs of (ii)—(iv) use the same argument.

O

3.3 Equilibrium branches

It turns out that the most natural way to study equilibrium points is to consider their
dependence on the carrying capacity K . We know by Proposition 2 that the disease-
free equilibrium point Gogo is the only stable equilibrium point for 0 < K < o7. In
this section we consider each equilibrium state separately and study their local stability
for K > o1. We study first the local stability of each point individually and in the next
sections consider the dependence on K.

Our main goal is to describe all possible continuous scenarios of how the locally
stable equilibrium states of (3) depends on K provided that all other fundamental
parameters «;, i;, b, y; remain fixed. To this end, we introduce the following concept.

Definition 1 By an equilibrium branch we mean any continuous in K > 0 family of
equilibrium points of (3) which are locally stable for all but finitely many threshold
values of K.

Remark 5 We need to distinguish the threshold values of K in the above definition
because, formally, the local stability (i.e. that the real parts of all the systems charac-
teristic roots are negative) fails when an equilibrium point changes its type. On the
other hand, a branch may be stable in the Lyapunoff sense even for the threshold values
of K. Indeed, the latter holds at least for y = 0, see [12].



166  Page 16 of 25 J. Andersson et al.

4 The equilibrium state Gq¢o: Proof of (i)

Note that the next three boundary equilibriums G109, Go1o and Ggp; have a constant
S-coordinate (independent on K). The first of these is the equilibrium point Ggg
with the presence of only the first strain. Its explicit expression with the nonnegativity
condition are given by (29). Remark that when K = o7, the globally stable equilibrium
point Gogp bifurcates into G1op = (071, I}, 0, 0):

Gioo = Gooo when [ =04 K =0

Using (29), we find the corresponding Jacobian matrix evaluated at Ggp:

roi

—X —101] —020 —30]
011[1* 0 —)/1]1>'< —171[{"
Jioo = . ,
0 0  —ax(or —o01) — 2l 0
0 0 vI; —a3(03 —o1) +m I}

Notice that, Jiop has a block structure. The left upper 2 x 2-block is obviously stable.
Therefore Jiqg is stable if and only if the right lower block is so. By virtue of —op (07 —
o1) — y21f < 0 this is equivalent to

—az(o3 —o) +mlj <0, (38)
or, equivalently, using the expression I} = KLQ](K — o1) and (11) we obtain

T < K (39)
M K—O‘l'

After some obvious manipulations we arrive at

Proposition 4 The equilibrium point Gy is stable nonnegative if and only if

K > o if n7 <1
(40)
oy <K <Ky if nf>1L

Notice that the point G 1gp remains nonnegative and locally stable for any K > o
provided 7} < 1. This provides us with the first (simplest) example of a branch. More
precisely, we have

Corollary 3 (Branch (i)) Let n} < 1. Then

(a) for 0 < K < o1 the point G is locally (in fact, globally) stable;
(b) for K = o1 the point Gooo coincides with Goo;
(c) for K > o1 the point G is locally stable.
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We display this schematically as
Gooo = G100-

The latter corollary implies (i) in Theorem 1.

5 Proof of (ii)

Corollary 3 completely describes all possible scenarios for 0 < K < oo when 5} <
1. In what follows, we shall always assume that n} > 1. Then Proposition 4 tells
us that G1gp remains locally stable for any oy < K < Kj. If we want to find a
continuous equilibrium branch, we need to check which of the remained candidates
Go10, Goo1, Gio1, Goi1, G111 becomes equal to Ggg for the right critical value K =
K.

An easy inspection shows that for a generic choice of the fundamental parameters
there is only one possible candidate, namely G 1o1. Thus, to construct the only possible
scenario for a continuous equilibrium branch is when G1gp bifurcates into Gg;. In
the next section we give stability analysis of Gojg and Gog1, and then continue with
G101 and construction of equilibrium branches.

5.1 The equilibrium state Gg1¢

The equilibrium point G expresses the presence of only the second strain, see (30).
It is nonnegative if and only if

K > o». 41

Note that if Go19 is nonnegative then by virtue of (41) and (7), G o is nonnegative
too. The Jacobian matrix computed at G is

—r% —aj07 —ap07 —a307
| 0 ai(or—o01) =Ny 0 0
Joro = arly —nly 0 —mly (“42)
0 712* 0 —a3(o3 —o0p) + 77212*

Note that, interchanging rows and columns of the matrix (42) only change the sign of
the determinant of this matrix. Therefore, after an obvious rearrangement, the eigen-
values of Jyio solves the following equation:

—rZ —A —a0 —aj07 —a307
ar Iy - —nlj —mly -0
0 0 ap(or —o1) —yily — A 0 ’
0 0 25 —a3(03 — 02) + Iy — A

(43)
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Again, one easily verifies that the left upper 2 x 2-block is stable, while the stability
of the right down (lower-diagonal) block is equivalent to the negativity of the diagonal
elements, i.e. to the inequalities

ay(oy —o1) — 11y <0,
—a3(03 — 02) + 215 < 0.

Thus the stability of Gojo is equivalent to the inequalities
_ L
K (1 V*) e (44)
K < K3,

where y* ;= X—ls. In summary, we have

Proposition 5 The equilibrium point Gy is stable and nonnegative iff

e Kz <K < ;’ﬁg when y* > 1 and n3 > 1, or

o K > ;’ﬁ’i*l when y* > 1 and n} < 1.

Remark 6 In this paper, we are primarily interested in the case of ‘small’ values of
yi. On the other hand, the latter proposition shows that Gojo may be stable only if
y1 > As, therefore this equilibrium is not stable for small values of y; and will be
eliminated from the subsequent analysis.

Corollary 4 The equilibrium point G is locally unstable if 0 < y;* < 1.

5.2 The equilibrium state Ggo1

An equilibrium point in the presence of coinfection is given by (31).

Proposition 6 The equilibrium point G is stable and nonnegative iff

031]

n:=min{n},n3} >1 and K > T
n—

(45)

Furthermore, if the point G is nonnegative and locally stable for a certain Ko > 0
then it will be so for any K > K (provided that other parameters are fixed).

Proof By (31), If;, = %; (K — 03), hence the positivity of /7, is equivalent to
K > o3.

Next, the Jacobian matrix evaluated at Gog; is

—r3 —a103 —ap03 —a303
| 0 ai(oz—o)—mlf, 0 0
Joor=11"g 0 (o3 —o2) —ml{, 0 |’ (46)

azlfy niiy, mnli, 0
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The matrix has a block structure where the block
—-r2 —303
a3l 1*2 0

is obviously stable, therefore the stability of Joo; is equivalent to the negativity of two
diagonal elements:

aj(o3 —op) —mlj, <0,
o203 — o2) — maliy < 0.

First notice that stability of Ggo; implies immediately that I}, > 0. Also, taking into

account that I}, = KLM (K — 03), the stability of Ggo is equivalent to the inequalities

1 1 1
a3<K<1—min{—*, —*}>=K<1——>.
nm M n

In summary, we have (31). Finally, the last statement of the proposition follows imme-
diately from the increasing (with respect to K) character of the second inequality in
(45). O

Remark 7 We emphasize that the stability of the equilibrium states Gooo, G100, Go10o
and G does not involve the interference parameters y1, y».

5.3 The equilibrium state Go1

Analysis of the remaining three equilibrium points Gig1, Goi1 and G111 is more
delicate and now also involves the coinfection constants yp, y». Let us consider the
boundary equilibrium point

K K K
G101=<61—, £<1——>, 0, ﬂ<——1>>,
Ky m K> m \Ki

see (32). First notice that the coordinates of G g1 are nonnegative if and only if the
two conditions hold: K1 > 0 (which is equivalent to ] > 1) and also

o] < S* < o3.
We see that G1¢; is nonnegative if and only if
Ki <K <Ky, nf>1 47)

(Note that the bilateral inequality is inconsistent with (45)).
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Now let us study the local stability of Go1. Using (32), the Jacobian matrix for
G1o1 is found as

—r% —o S* —op S* —a3Sj

Tiol = Ollll* 0 —)/111* —77111*
0 0 2 S* — Iy, — i — w2 0
asliy  mlf mi + V1Y 0

with §*, I}", I}, given by (32). Using the block structure of Jio1, we obtain that G1o;
is locally stable if and only if

e there holds
arS* —mlfs —yalf —p2 <0 (48)

e and the matrix below is stable:

~ —r% —o1 8% —a3S* S* 0 0 - —a1 —a3
J=| ol 0 -mIf|=0 If 0 oy 0 -m
Ol311*2 77111*2 0 0 0 11*2 o3 1 0
(49)

The stability of J is equivalent to the stability of the last matrix factor in (49). An
easy application of the Routh-Hurwitz criteria [11] confirms that J is always stable.
Hence, the stability of Gg; is equivalent to the condition (48). Using (32), we can
rewrite it as follows:

S* (A + v203) < Ay +y2143 (50)
see (8) and (9). Let us define

o . Autuzy

Sy = (5D
Ay + 032

We have by using (11)-(12)

naiaz(or — 02) + yaa1as(os — op)
a1 (Aq + a3y2)

_r(mAsz+ A

Cai(Ag +a3yn)

majaz(02 — o1) + y20003(03 — 02)
a2(Ay + a@3y2)

_ r(nAs3+A2)

(Mg +oazyn) ]

maiaz(o3 —o1) — nieas(or — 03)
a3(Aq +a3yr)

S —o) =

(52)

S —op =

(53)

S —o3=
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* *
_ AlAzr(ng_rh)’ (54)
3(Ag + a32)
Consider first the case Ay +a3y2 = 0. Then by (17) it follows that A, +y>u3 > 0
therefore (50) holds automatically true in this case, and G g is locally stable.
Next consider the case Ay +a3y2 < 0. Then it follows from (50) that G ¢ is stable
whenever §* > S1 On the other hand, (52) implies in this case S] < o1, therefore
using (25) we see that

$* >0 > 8 (55)
whenever S* is nonnegative. Therefore in this case Gg; is locally stable whenever
(47) are fulfilled. Note also that under the made assumption A, + @3y2 < 0 one
necessarily has n3 > n7. Indeed, if n; < n} then (18) implies A, > 0, therefore

Ay + a3yr > 0, a contradiction.
Finally, assume that

Ao +a3y2 >0 (56)

Then by (50) the point G is locally stable if and only if $* < 3‘1, ie.

(57)

Under assumption (56), (52) implies S 1 > o1. On the other hand, we have
S > o3 ifn; > nf and S < o3ifn; <nj.

On the other hand, in the latter case, the inequality n5 > n} by virtue of (18) that in
fact Ay > 0, therefore (56) holds automatically true in this case. Combining (57) with
the nonnegativity condition (47), and summarizing the above observations we arrive
at

Proposition 7 The equilibrium point G 1o is nonnegative stable iff nf > 1 and the
following conditions hold:

Ki <K < gKl (58)
ol
where
o3 ifn; =ni;
= . 59
Q= {Sl ifn; <ni. 69

Now we are ready to describe the equilibrium branch for 5] > 1.
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Corollary 5 Let nf > 1. Then

(a) for 0 < K < o7 the point Gy is locally (in fact, globally) stable;

(b) for K = o the point Gooo coincides with G1qo;

(¢c) for o1 < K < K the point G is locally stable;

(d) for K = K the point G109 coincides with G1o1;

(e) for K1 < K < %Kl the point G191 is locally stable, where Q is defined by (59).

We display this schematically as
Gooo — G100 — Gio1 — ... (60)

Proof The first three items are obtained by combining Proposition 4 with Proposition 2.
Note that the upper bound in (c¢) here is smaller than that in (c) in Corollary 3. When

K=K = :*‘—ZT], it follows that the /12-coordinate of Gg; vanishes (see (32)), i.e.
1
G101 = G100, which proves (d). Next, Proposition 7 yields (e). O

With Corollaries 3 and 5 in hand, it is natural to ask: What happens with an equi-
librium branch when 7} > 1 and K > K;?

So far, we see that any continuous equilibrium branch develops uniquely determined
accordingly (60). But at G 19 the situation becomes more complicated: this point may
a priori bifurcate into different points.

In this paper we only consider the particular case (ii), i.e. when 1 < n} < n3. This
yields by (59) that Q = o3, hence (58) implies that G is locally stable for

K| < K < K».

The upper critical value K, substituted in (32) implies that I = 0, hence Gi;
naturally bifurcates into Go1. It is easy to see that the corresponding / 1*2 for Ggg; and
G101 coincide when K = K> holds. This observation combined with Proposition 6
implies that in this case for any K > K> the point Goo; will be locally stable, hence
we arrive at

Corollary 6 (Branch (ii)) Let n5 > nj > 1 hold. Then

(a) for 0 < K < o1 the point Gy is locally (in fact, globally) stable;
(b) for K = o1 the point Gooo coincides with G,

(c) for o1 < K < K the point G is locally stable;

(d) for K = K the point G100 coincides with G1o1;

(e) for K1 < K < K the point G191 is locally stable;

(f) for K = K the point Gg; coincides with Gyo1;

(g) for K > Kj the point Goo1 is locally stable.

We display this schematically as

Gooo — Gioo = Gio1r = Gool (61)
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5.4 Bifurcation of G1¢4
Thus, one remains to study the case when
no<ny, ni>1 (62)
hold. Notice that in fact by virtue of (18) the latter inequality implies
Ay > 0. (63)
We know by (e) in Corollary 5 that G is locally stable for

Siny

K <K < .
ny—1

Substituting the corresponding critical value K = K such that

*

Ko — Sint _Autpsyy
-1 Agtazyy nj-1

in (32) reveals that the coordinates G1g; do not vanish, i.e. G191 does not change
its type. Instead it losts its local stability because the determinant of Jig; vanishes
at this moment. To continue the equilibrium branch (60) beyond Go9; we need to
find an appropriate candidate for a stable point. By the continuity argument (because
G101 keeps all coordinates nonzero for K = Kj), the only possible candidate for
a continuous equilibrium branch is a point of type G111. Since we do not have any
explicit expression of G111, the analysis in this case is more complicated and involves
a certain bifurcation technique which we develop in a forthcoming paper [3].

6 Concluding remarks

It is natural, from a biological point of view, to relax the constancy condition on the
transmission rates «; and assume that in general they may depend on the carrying
capacity. Indeed, a larger carrying capacity can be due to a larger living area for a
population in contrast to increased amount of resources in a given area. This would
would make a population of given size more sparse. This increased sparseness would
make it harder for the strains to spread. With this in mind, one natural assumption is
the following relation:

i (K) = % (64)

This implies for the other fundamental constants

o; = ﬂK =:5K,
ai
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and

ayaz(s3 — s1)
—_— e
;

B;
A; = —, where B = tc.
K

The main consequence of (64) is that the coordinates of a stable equilibrium point is
no longer bounded and develop as K increases. For example, under assumption (64)
one has from (25) merely

s1K < 8§ < K min{l1, s3}.

This, in particular implies that already the first bifurcation S; — S3 is completely
different. Indeed, it follows from Proposition 2 that G oo becomes stable forall K > 0
provided s; > 1. In the nontrivial case s1 < 1, Gooo is never stable. In general,
Proposition 4 and Corollary 6 instead imply

Corollary 7 We have the following stability analysis:

(1) If sy > 1 then Gog is stable for all K > 0;

@) Ifs1 < 1and0 < nf < 1—1s1 then G1og stable for all K > 0;

Letnow sy < 1, n5 > nf > ﬁ hold. Then
(iii) if s3 = 1 orsz < land n} < 1_]s2 then G stable for all K > 0;
(iv) ifs3 < 1 and n} > ﬁ then Goo stable for all K > 0.

Thus, we have a complete description in the cases 7 < 1 and n; > n} > 1. The
remained case 7} > max{1, n3} will be considered in [3].
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