The Global Structure of a Spatial Model
of Infectious Disease

By IvANA BEARDMORE AND ROBERT BEARDMORE

Biomathematics Unit, IACR-Rothamstead, Harpenden, Herts, AL5 2JQ),
and
Dept. of Mathematics, Imperial College, South Kensington, London, SW7 2AZ.

In this paper we study an SI model of infectious diseases which takes into account
spatial inhomogeneities, resulting in a system of reaction-convection-diffusion equa-
tions on a bounded domain. The convection process is included to account for social
interaction, as modelled by the location of a focal point or den where the population
will tend to aggregate.

We show that a vertical bifurcation of steady-state solutions occurs in this model
when birth rate is taken as the bifurcation parameter, from which emanates a global
secondary branch which then bifurcates at infinity. We subsequently use singular
perturbation techniques to give a description of the limiting spatial structure along
this branch in large and small parameter limits. Finally, the results are illustrated
numerically on some biologically relevant cases.
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1. Introduction

Understanding animal movement is an important factor in understanding their so-
cial behaviour which is particularly relevant in the context of epidemiology and
disease management (Rogers et al. 1998). The difficulty in observing infected in-
dividuals and the consequent lack of empirical data has led to the development
of models in which the behaviour of healthy individuals is used to study disease
dynamics (White et al. 1995b). Nevertheless, there have been attempts to observe
and quantify the behaviour of infected animals (Cheeseman and Mallison 1981,
Kaplan 1977, Bacon 1985, Artois & Aubert 1985) and there has emerged evidence
from such studies that infected individuals may display significantly different be-
haviour from that of healthy individuals (Jeltsch et al. 1997 and White et al. 1995a).
These studies have also found a high variation of behaviour among infected indi-
viduals themselves, ranging from the so-called dumb (or paralysis) forms of disease
for which individuals have very restrictive movement, to the furious forms whereby
individuals move in a random fashion, possibly covering great distances.

In this paper we consider disease dynamics in a single social group of animals.
The members of that social group are divided into two classes: susceptibles S and
infecteds I. Infecteds have the disease and can transmit it and we assume that
once infected, individuals do not recover. When modelling social structure we take
White et al. (1995a) as a basis and assume that animal movement comprises of
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2 1. Beardmore and R. Beardmore

two components: (convective) movement towards the den to feed the offspring, for
instance, and (diffusive) dispersal in order to find food and protect the group.

Let © = (0,1) C R and for each T > 0 we define Dy = (0,7] x Q. The
result to follow can all be extended to cover the case @ C R? modulo suitable
regularity requirements, but to maintain clarity of the presentation we restrict to a
one-dimensional spatial domain.

We now take a well-known ODE model and include inhomogeneous diffusive and
convective terms to represent the presence of a focal point, providing the following
parabolic problem:

Sy = (D1(2)Sy +Ci(x)S)s + (a —b)S +al — ASI, (t,x)€ Dr,

L = (Da(@)ly+ Ca(a)) — el + ASI, (t.z)e Dy, (LD

subject to the no-flux boundary conditions
0= D1(z)S, + Ci(x) = Da(x)1I, + Co(x)I, (t,z) € (0,T] x 0. (1.2)

We assume throughout that positive and continuous initial data S(x,0) = Sp(x)
and I(x,0) = Ip(x) are given.

Movement towards the den is modelled by convection towards a single point
in the domain, xp € Q. Various forms for this movement have been discussed in
Okubo (1980) but here, with generality in mind, the convection coefficients C;(x)
are assumed to be continuously differentiable functions satisfying

CZ(O) < 0 and Cz(l) >0, (Z = 1,2).

This condition is required in order to obtain maximum and comparison prin-
ciples for the system (1.1-1.2). The diffusion coefficients, D;(x), are continuously
differentiable and strictly positive on . The parameter )\ represents the contact
rate between susceptible and infected individuals and ¢ represents the per-capita,
disease-induced death rate. Also, a represents the per-capita birth rate of both sus-
ceptible and infected individuals and b represents the per-capita natural death rate
of the susceptible individuals. We assume no vertical transmission, that is infected
individuals give birth to susceptible individuals; this has been observed in badgers
infected with tuberculosis (Bentil & Murray 1993, Anderson & May 1985) and foxes
infected with rabies (Bacon 1985). Note that all of the above reaction parameters
are positive constants.

This model is presented in ODE form in Anderson and May (1981, p.462),
where the parameters have a slightly different meaning to those presented here.
The reaction terms in (1.1) form part of an ODE model of social interaction which
is discussed in Beardmore & White (2001).

Throughout the paper we shall use the eigenfunctions

o =ew (- [ T89ae), (=12

and these functions satisfy

d(i;ff) Y C(x)di(x) =0,  ze.

Dl(l‘)
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A Spatial ST Model 3

Due to the assumption that the convection functions have zeros, it is typical that
each ¢; is a unimodal function, or multi-modal if more zeros of C; are assumed.

Seeking steady state solutions of (1.1-1.2), we are required to solve the boundary-
value problem

—L1S:=—=(D1(2)Sz + C1(2)S)y = (a—b)S—=AST+al, z€Q, (1.3)
—Lol := —(Dy(x)Iz + Co(x)]), = ASI—cl, x €, ’
subject to
D1(x)S; + C1(2)S = Do(2)I, + Co(z)I =0, x € 00, (1.4)

When a = b, we see that (1.3) has a vertical branch of solutions of the form

(Svl) = (k¢1(x)70)’ (1'5)

where k is an arbitrary, non-negative constant. Note that this vertical branch bi-
furcates from the trivial solution branch of (1.3). Taking the birth rate, a, to be the
bifurcation parameter, we seek non-negative solutions of (1.3) for a > 0 and we are
led to consider the following three cases:

I.LO0O<a<b<e II.O<Kb<c<a, III.LO<b<a<ec.
As a preliminary step, let us consider the ODE

S = (a—0b)S+al —\SI,

I = —cl+)\SI. (1.6)

This corresponds to the spatially homogeneous solutions of (1.1-1.2) in the case of
zero convection. One can readily show that the dynamics of (1.6) are as described
in Figure 1. In case III the steady-state of (1.6) when a > b is given by

c a—"b
S, I)=—|1
(5.1)= % ( - a) |
and we shall demonstrate that a similar form holds for the steady-states of (1.1-1.2).

We note that this branch of steady-states bifurcates as a secondary branch from a
vertical set of solutions which exists when a = b.

(a) Case I

Here we assume that the birth rate parameter is smaller than the natural death
rate, which in turn is less than the disease induced mortality rate. In anticipation of
Proposition (1.1), we suppose that (1.1-1.2) admits solutions with positive (So, Ip) €
CY(Q) x C°(Q2). Let us define the total biomass function, V:

V(S,T) = /Q (S + I)da.

Using (1.1-1.2) we find

av

—:(afb)/deJr(afc)/Idxﬁmax(a—b,afc)v,
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4 1. Beardmore and R. Beardmore

Figure 1. Three cases: I (left), IT (right) and III (middle).
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since a < b < ¢. If § = max(a—b,a— c), it follows that V (S(t), I(t)) < e®*V(So, Ip),
so that ||S]|;. + |[I||;1 — 0 as t — oo.

This shows that when the birth rate of the total population is smaller than both
the natural and disease induced death rates, the population will become extinct.

(b) Case II

In this section we consider (1.1-1.2) when 0 < b < ¢ < a and for = € Q. Since
¢; is continuous on the compact set §2, there exist @; max,®i min € R such that

0< ¢imin S (bz(x) S (bimaxa T € ﬁa

and for brevity of the notation, we set

po Slmin (1.7)

1 max

Proposition 1.1. Suppose 0 < b < c < a and £ <r. Given continuous initial data
(So, Io) such that So > 0 and

(a—c)+(a—10) a
)\¢2min xp ((a — C) + (a _ b)) ¢)27 (18)

there is a unique solution (S,I) of (1.1-1.2) with this initial data which also satisfies
H(S(m,t),[(m,t))”co — 00,

Iy >

as t — oo. Moreover S stays C°-bounded while ||I|co — oo as t — .

Proof. Since the disease-dynamics terms in (1.1) do not form a quasi-monotone
function, in order to prove the proposition we construct a pair of generalised upper
and lower solutions of (1.1-1.2) according to Pao (1992, definition 9.1, p.436). Con-
ditions for (S, 1) and (S, I) to be a pair of generalised upper and lower solutions of
(1.1-1.2) as set out in Pao (1992) yield

a8 028 3}
T D1(ﬂ?)@ — (Di(z) + Cl(@)j >
Ci(z)S + (a—b)S — A\SI +al, (1.9a)
a8 0?8 , a8
2t Prge (D1(z) + Cl(x))% <
Cl(x)S+ (a—b)S — AST +al, (1.9b)
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A Spatial ST Model 5

for all continuous functions I on D such that I < I <1, together with

or o1 o1 o

% 8 a3 — (Dy(z) + Ca(x ))ax > Chi(x)] + \ST —cl, (1.10a)
ar 81 I

o~ Dags — (Dh(a) + Cala)) 5= < Ch(@)[+ASL—cL,  (1.10b)

for all continuous functions S on D such that S < S < S.
Let 3, v, N1, N2 and k be positive constants satisfying N7 > N> and

(a—c)+ (a—0)
Ny > DY (1.11)
ﬁ < A]\[2(b2rnina (112)
> a1 + éd) —c (1.13)
Y =z r L 1 max ) .
A min
k< a(ﬁl_ b (AN26 min — (a — ¢) — (a —b)). (1.14)
Then the pair (S,7) := (pi(t)d1, q1(t)¢2) and (S,I) := (p2(t)¢1,qa(t)2), where
g9(t) = (ar — o)t + Ge~P" and
pit) = xpi—+pexp(—g(t),  p2(t) = 52— (1 —exp(—ft)), (1.15)
¢1(t) = Niexp(yt), a2(t) = Nz exp(g(t)), '

provides a pair of generalised upper and lower solutions of (1.1-1.2). Since (D;(z) iz +
Ci(x)¢;), = 0fori = 1,2, the necessary boundary inequalities defined in Pao (1992)
are satisfied. Condition (1.9a) holds provided

1 1 1
—g',(t)%e*é'“)qs1 > (a—b) <)\¢a - keg(”) p1—\ <A¢f + e e 9® ) p1I+al,
1 min min

for all CY functions I with I < I < I. This is true if

a
g
(&
A(bl min

This is true for all x € Q and ¢ € (0, 00) provided (1.11) and (1.14) hold. Condition
(1.10a) holds provided v + ¢ > AS, for all C° functions S with S < § < S. This
inequality is satisfied for all z € Q and t € (0, 00) if (1.13) holds.

Condition (1.9b) holds if

—g(t) = k(a —b) =AM+ (a—b),

a
)\¢1 max )\¢1 max >\¢1 max

all C° functions I with I < I < I, which, in turn, is satisfied if

Jé] e Pl < (a—b) (1—e P gy — A (1—e YT + al,

(1—e Bty L Bt

a _Bt
—¢€ a—b
ﬁ ( ))‘(bl max 1 max

)‘d)l max

This inequality holds provided 8 < (a — b)eP* — (a — b) + AN2e9®) ¢, which is true
if (1.12) holds.
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6 1. Beardmore and R. Beardmore

Finally, condition (1.10b) is satisfied if g(t) < AS — ¢, for all C® functions S
with § < .5 < 5. The latter inequality holds in turn provided
¢1 d)l eiﬁt

ar — c — ae~ Pt <ga———c—a
1 max ¢1max

)

which is true for all x € Q and ¢ € (0, c0).

Hence applying the existence—comparison theorem, see Pao (1992, theorem 9.2,
p. 436), for continuous initial data (Sp, Ip) such that So > 0 and (1.8) holds, given
suitable positive constants 3, v, N1, Ny and k so that

(0, N exp(%)) < (So.Io) < (“ + “¢1,N1¢2) ,

X Bk

equation (1.1-1.2) has a unique solution (S(z,t),1(z,t)) € C°(Dr) x C°(Dr)
provided N7 > N and (1.11-1.14) hold. The result now follows since p;(t) —
a/()‘(bl min>7 p?(t) - a/()\(bl max) and ql(t)a q2(t> — 00 as t — oo. O

According to proposition 1.1, in the case where the birth rate is larger than both
natural and disease induced death rates, the total population will become arbitrarily
large. However, the number of susceptibles stays bounded while the infection level
grows without bound.

Since the terms representing disease-dynamics in (1.1) do not form a quasi-
monotone function, in order to prove proposition 1.1 we have constructed a pair
of generalised upper and lower solutions. The spatially homogeneous extensions of
the solutions of the corresponding ODE (equation (1.6)) cannot be used in order to
form a comparison function pair for (1.1) as the necessary boundary inequalities as
set out in (Pao, 1992) are not satisfied by such a function. Additionally, proposition
1.1 requires the initial data (Sp, Iy) to be sufficiently large, in a suitable sense, and
therefore this result does not cover the cases where either Sy or Iy has support
which is a proper subset of 2.

It is also worth commenting that the proposition provides the existence of solu-
tions only for continuous initial data, whereas a simple argument using semigroup
theory (Henry, 1981) shows that solutions exist with initial data in L2(2) x L*(Q).

2. Case III: A Bifurcation Problem

In the final case, we assume that the birth rate is greater than the natural death
rate, but less than the disease induced mortality rate, that is b < a < ¢. In order
to simplify some of the following, we introduce a change of variables and define
functions u and v by

S = ugy and I = v,

where ¢; is defined above. After this transformation, (1.4) is seen to be equivalent
to the following Neumann boundary value problem

—Liu = (a—Dblupy — Muvpi¢ps + avgy, x €9,
—Lov = Auvgipa — cvupa, x € Q, (2.1)
0 = ug =y, x € 09,
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A Spatial ST Model 7

where £; : C?(2) — C°(Q) are the continuous, linear operators defined by
Liu = (Di(x)pitiy)z, (i=1,2). (2.2)

Since ¢;(x) > Gimin > 0 it is clear that each £; is uniformly elliptic, it is also self-
dual with respect to the usual L? dual-pairing between C°(Q2) and C?(2) as defined
in Zeidler (1995). Moreover, each mapping is Fredholm of index 0, so that each has
a null-space of finite dimension, d say, and a closed range whose codimension equals

d.

Remark 1. Throughout the following we shall define the continuous linear operator
L:C2(Q) — C°Q) by
Lv = Lov — chav.

Let us note that if ¢ ¢ o(Lz) then £ has a continuous inverse £~ : C°(Q) — C2(9)
(the latter space incorporating the Neumann boundary conditions).

We also remark that if « is an eigenvalue of the operator Lo then o < 0. To
see this, consider Lol = ol and set I = v¢y, now test the resulting equation
avpy = (Davys), with v to give

a/ dov?de = —/ Dg(bz’ljid{l?.
Q Q

In this section we demonstrate the existence of non—negative solutions of (2.1)
for b < a < ¢, by seeking secondary bifurcations from the line of solutions (u,v) =
(k,0), where k is any constant. First we define the following spaces

X :={uecC?*):u, =00n0Q}, Y :=C"Q),

and
7= {ue I2(Q): /Qu(x)daf — 0} = (1)*.

We shall also make use of the Banach spaces X7 := XNZ and Yz := Y NZ, noting
that we may decompose each v € X into its L2-orthogonal parts:

u:]f+ae<1>@Xz,

where k € R. Here, we identify R with the space of constant functions which we
denote by (1). In what follows, we shall also set

a=b+p,
where 1 € R. Let us now define the restricted operators
Li=Lilx, Xz =Yy, i=12, (2.3)

which are isomorphisms, with bounded linear inverses ﬁl_ Ly, - X5,
Solving (2.1) is then equivalent to the following bifurcation problem, with (u, @, v, k) €
Rx Xz xXxR:

—Lia = plk+0)pr — Ak +d)vdrda + (b+ p)vgs, = €Q,
—Lov = Ak 4+ @)vd10a — cvpa, x €, (2.4)
0 = up =1y, x € 09,

Article submitted to Royal Society



8 1. Beardmore and R. Beardmore

where £ € R is now the bifurcation parameter. We also define bounded, linear
projections P: L? — Z and Q : L? — R (= (1)) by

P[n]:n—/ﬂnda: and Q[n]:/ndx.

Q

Using these projection mappings, the system (2.4) is then equivalent to

0 = uQ[k+a)d1] — AQ[(k + @)drvdo] + (b + p)Qlug2], « €,
—Lya = pP[(k+@)¢1] — AP[(k + @)prvge] + (b+ p)Plvgs], z €Q,
—Lov = Mk 4+ @)dr1vpy — cuda, x €0,

0 = Uy = Uy, x € 09,

(2.5)
which we can write as an analytic map of Banach spaces FF: R x Xz x X xR —
R x Yz x Y, and we denote this

F(w,k) =0, (2.6)
with w = (u, 4, v), where F' is given by

- HQ[(k + a)¢1] = AQ[(k + @) 1vga] + (b + p)Qlvee]
F(w. k)= | Lia+ pP[(k+a)¢1] — AP[(k + @) prvgo] + (b + p) Plvgs]
EQU + )\(k + ﬁ)¢1’l)¢2 — CU¢2
(2.7)
In order to prove the existence of local bifurcation from the wvertical branch of
solutions to (2.5) at a = b, we shall need the following preliminary lemma on the
existence of eigenfunctions for an indefinite elliptic eigenproblem.

Lemma 2.1. Let ®, ¥ € CY(Q) be strictly positive functions on Q and let L :
C?(Q) — C°%Q) be the operator Lu = (®(x)uy), where Neumann boundary con-
ditions apply on 9. Now, let ¢, A > 0 and consider the principal Neumann eigen-
problem

—Lw = dw(AkT —¢), / w? =1,w > 0, (2.8)
Q

where k is the eigenvalue. Then for each ¢, A > 0 there is a unique positive value of
k, k =k*, and a unique positive eigenfunction, w = w*, which satisfies (2.8).

Proof. We shall use a proof similar to one used in Affrouzi & Brown (1999). Consider
the augmented principle eigenvalue problem

—Lw — Pw(AkT — ¢) = pw, / w? =1, w > 0. (2.9)
Q

It is clear that if g = py (k) = 0 then we have a solution of (2.8). However, there
is the variational characterisation of u:

w(k) = inf {/@wi — (NEY — c)w?dr s w € Hl(Q),/ wide = 1} .
Q
For each fixed w € H'(), it follows that

p(k) < /@wi —)xk/@ll/w2+c/f1)w2dx, (2.10)
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and therefore limy_, o (k) = —oo as ®¥ > 0. However, since k — [ Pw? —
P(A\k¥ — c)w?dz is affine and the infimum over an affine family of functions is a
concave function, we see that u(k) is concave and therefore continuous. However, it
is clear that p(0) > 0 and p(0) = 0 cannot occur because ¢ > 0, whence p(0) > 0.
The intermediate value theorem thus provides the solution £* and the uniqueness
is a consequence of the concavity of pu. O

From this lemma it follows that for each positive ¢ and A the indefinite-weight
eigenproblem
_L:Q'U = U¢2(Ak¢1 - C), (211)

(where k is the eigenvalue and ¢2(Ak¢p1 — ¢) is the weight) has a unique positive
eigenfunction v = v* with eigenvalue k¥ = k*. This will allow us to demonstrate
that the nonlinear elliptic problem (1.3) has a unique branch of positive solutions
bifurcating from the vertical solution branch which exists a = b. This is essentially
done in the following result which shows that there is a solution of (2.5) bifurcating
from the line of trivial solutions (u, 4, v,k) = (0,0,0, k).

Theorem 2.2. There exists a neighbourhood N C R containing 0 and analytic
functions
4:N—-Xz, v:N—X and k: N —R

with 4(0) = 0,v(0) = 0,k(0) = k* which is an analytically parameterised branch
of mon-trivial solutions of (2.5), bifurcating from (u,v,pu, k) = (0,0,0,k*). Each
element (p,a(w),v(p), k(w)) on this branch corresponds to a non-trivial, positive

solution (a —b,u,v) = (u, k() +a(p),v(p)) € Ry x Xy x Xy of (2.1).

Proof. It is clear that (u,a,v) = (0,0,0) is a solution of (2.5). Linearising (2.5)
around w = (u,4,v) = (0,0,0) and seeking a simple null-space of the linearised
problem, we seek a non-trivial solution to the linear equation

dwF((0,0,0),k)(h1, ha, h3)T = (0,0,0)7,

with (h1, ho,hs) € R x Xz x X. Writing this in full, we need to find a non—trivial
solution of

0 = hikQ[o1] — AkQ[d1hsda] + bQ[h3da], (2.12)
~Lihy = hikP[¢1] — AkP[¢1hsba] + bPlhsds], (2.13)
—Lohs = h3(Akp1¢2 — co). (2.14)

Applying lemma 2.1 to (2.14), it follows that there exists a non-zero solution, hg,
to (2.14) when k = k* from lemma 2.1.

Integrating (2.14) we obtain A\k* [, p1¢2hsdx = c [, hapadz, which we use in
(2.12) in order to obtain hy = (¢ — b)Q[hsd2]/(k*Q[¢p1]). Finally, substituting the
values of hi, hg and k* into (2.13) there remains to solve the linear equation

~L1hy = f(x) (2.15)

for hz, where f(.]?) = P[hlk*¢1 — /\k‘*(blh?,qbg + bhg(bg} Since f(a:) S YZ and ﬁl :
Xz — Yy is an isomorphism, there is a non-trivial solution, hy € Xz, to (2.15).
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We have thus shown that d,,F((0,0,0), k*) has a one dimensional null space,
N(dWF((O’ 0, 0)7 k*) = <(h17 h27 h3)T> )

and to conclude the proof we apply the bifurcation from a simple eigenvalue theorem
(Ambrosetti & Prodi 1995). Hence, there remains to show that

dy W F((0,0,0),k%)(h1, ha, h3)" ¢ R(dwF((0,0,0), k). (2.16)

Suppose, seeking a contradiction, that there exists a (u,4,v) € R x Xz x X such
that

dWF((07 0, 0)’ I“?*)(Ma a, U)T = dz,wF((Ov 0, O)a k*)(hlv hg, h3)Ta
which is the system
QIAE"P1 — b)pav] — k™ Q1] QINp1p2hs — hign],

Lii+ P[(A\k* 1 — b)pov] — pk* Popy] PAp1d2hz — hidi],
CQU - ()\k*(bl - c)ngv = —)\¢1¢2h3. (217)

Since the operator £, : X — Y is self dual with respect to the usual L?-dual pairing
of X and Y, for v € X to be a solution of (2.17) we require

—)\/Q(bl(ﬁghédl‘ = /Q([.‘/Q'U — (/\k‘*(bl — C)¢2U)h3d.1?
= /S U(£2h3 — ()\k‘*d)l — C)¢2]’L3)d$ =0
2

by definition of h3. Since h3¢1¢2 > 0 on Q we have a contradiction and the result
follows. O

We now state the main result of this section.

Theorem 2.3. Fiz c and b with ¢ > b > 0 and A > 0, then there is ann € (0,c—b)
and analytic functions S : (b,b+n) — C? and I : (b,b+n) — C? such that
(S(a), I(a)) is a positive solution of (1.3) for each a € (b,b+n). Moreover, taking
convergence in the C? sense there results

S(a) — k*¢y and I(a) — 0

as a \, b where k* is an eigenvalue of the eigenproblem (2.11).

(a) Global analytic bifurcation

In this section we show that the local bifurcation obtained above gives rise to a
global bifurcation and there a several approaches that one could employ. In Stuart
(1985) and Davidson (1999) the authors use nodal properties of solutions to show
that the linearisation operator, which in our case is dy F(w, k), is a bijection for
all w and k. If we were able to prove hyperbolicity of dw F(w,k) for each w and
k, then the existence of a locally stable, global branch of solutions would follow.

Article submitted to Royal Society



A Spatial ST Model 11

Despite strong numerical evidence that the non-trivial branch of solutions of (1.3)
is stable for all a € (b, c), we have been unable to prove this.

One should like to apply the global results given in Kielhofer (1984), which is an
extension of the results of Krasnoselskii (1964) and Crandall & Rabinowitz (1971),
in order to obtain the global existence of non-trivial equilibria. In this reference
the author proves the existence of global solution branches in bifurcation problems
based on the topological degree for C? proper mappings of Fredholm index zero,
which includes an arbitrary dependence of the nonlinearity on the parameter; this
is not a feature of the work of Crandall et al. However, because the formulation of
our bifurcation problem (2.5) is somewhat cumbersome and because it is not clear
that the results of Kielhofer (1984) are applicable (because F' must be a proper
mapping according to Theorem 4.5 of Kielhofer (1984) and this property is not an
obvious one), a cleaner approach to the problem at hand is to use the theory of
global bifurcation for analytic mappings developed in Dancer (1973) and Buffoni et
al. (2001).

Lemma 2.4. If A > 0,¢ > b > 0 then (1.8-1.4) has solutions with I(x) > 0 for
all x € Q only for a € (b,c). If a € (b,c) and (S,I) is a solution of (1.3-1.4) with
I >0 then

c

3

If a = b then non-negative solutions to (1.8) have the form (S,I) = (k¢1,0) for any
k>0.

S| pe >

Proof. Integrate the first equation in (1.3) over Q to give (a—b) [ S+ (a—c) [I =0
and the first and last parts follow. Integrating the second equation in (1.3) yields
c[Ide = X[ SIde < \||S|p~ [ Idx. O

We now define Z =R x Xz x X and the open set U C Z x R by

U={(w,k)=(t,v,u,k) € ZxR:v>0, ||¢p1(k+@)|co >¢c/(2X), 0 < pu < c—b},
(2.18)
Y={(w,k)eU:F(w,k)=0} and g = {(w,k) € U : F(w,k) =0,dwF(w,k) €
Iso(X,Y)}. Moreover, let C' be the maximal, connected subset of ¥ which contains
the point (w, k) = (0,k*) := (0,0,0,k*) € Z x R in its closure (in Z x R, noting
that (0,k*) € U).
We continue with the following preparatory lemma.

Lemma 2.5. Suppose that ¢ > b > 0 then the following hold.

1. The mapping F : Rx Xz X X xR —- R x Yz xY is an analytic mapping and
dwF(w,k) € BL(X,Y) is Fredholm of index 0 for each (w,k).

2. The set X contains a mazimal, analytically parameterised curve of solutions
A such that A contains the point (w, k) = (0,k*) ¢ U.

3. Any bounded set in ¥ has compact closure (in Z x R).

4. Suppose that (wn,kn,) C Sg N U is some convergent sequence such that
(Wn,kn) — (W, K') € U and sup,(||wWn|lco + |kn|) < oo, then (W' k") =
(0,k%).
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Proof. For the first part it suffices to show (see, for instance, Taylor (1996)) that the
linearisation dy F(W, k) is a compact perturbation of a Fredholm mapping of index
0. To this end, we remark that one can write the given derivative as a multiplicative,
and therefore compact perturbation of the operator matrix

0
0
Lo

0 0
- 0 £y €BLR X Xz x X,Rx Yy xY).
0 0
Since this is Fredholm of index 0 the first part follows.
From theorem 2.3, it follows that ¥ contains a (locally) analytically parame-
terised curve of solutions, A say. Now define A to be the maximal path-connected

subset of Xz which contains A.
The third part follows from the continuity of the inverse mappings

(£1)"' € BL(Y;,Xz) and £7' € BL(Y, X),

where, we recall, Lv = Lov — cpov and the compactness of the embeddings X, —
Y7, X —>Y.

To prove the final part, suppose that (w,,, k,) = (tin, Un, tin, kn) — (@, 0, @/, k).
Since 0 < p, < c—bthen 0 < p/ < e—b. If i/ = ¢—b then lemma 2.4 is contradicted
and if v’ is non-positive then the maximum principle is violated, so suppose that
0 <y < c—b. Since ||¢1(kn + Gn)l|co > ¢/A from lemma 2.4, it follows that
1 (K" + @')||co > ¢/A > ¢/(2X\) which contradicts the fact that the limit of this
sequence is not in U. It follows that we must have p/ = 0, whence ' = ¢1 (k' + @)
and I’ = ¢ov’ provides a solution of (1.3) with a = b. From lemma 2.4 we must have
v = 0 and S’ = k’¢; where k' is to be determined, so that 4’ = 0 and therefore k' is
a bifurcation point from the trivial branch of solutions to (2.6) into U. However, a
necessary condition for this to hold is that dw F'(0, k") € BL(Rx Xz xR, RxYz xY)
has a zero eigenvalue. This in turn implies that (2.14), that is (2.11), has a non-
negative eigenfunction at k = k’. Since k = k* is the unique eigenvalue of (2.11)
corresponding to a non-negative eigenfunction, it follows that k' = k*. O

From Buffoni et al. (2001) we obtain the following information.
Theorem 2.6. The set C C X is unbounded.

Proof. This follow immediately from theorem 7.3 part (iv) from Buffoni et al. (2001,
p. 45) where lemma 2.5 verifies hypotheses C1-C8 of this reference, and the func-
tional v required to verify C6 is given by the norm ||w|| + |k|. O

Corollary 2.7. The set C' contains a bifurcation at infinity in Z x R in the sense
that there is a sequence (W, tin) C C such that |[wy|co — 0o as n — oo, where
0 <y <c—b.

According to the real-analytic bifurcation theory of Buffoni et al. (2001) the
continuum C' in the statement of theorem 2.6 actually contains an unbounded set
which is path-connected (see theorems 7.3 and 7.4 of Buffoni et al. (2001)); this is
a stronger conclusion than the global results to be found in Kielhofer (1984) which,
if applicable, could only assert that C' is unbounded. Furthermore, with regard to
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the asymptotic properties of C' we would like to be able to demonstrate that the
bifurcation at infinity in corollary 2.7 occurs in such a way that the sequence u,
satisfies u, /" ¢ — b as n — oo. While numerical experiments given later in the
paper indicate this to be the case, we have been unable to prove this in general.

Remark 2. One can extend all of the above results to the case d > 2 with Q a
domain in R by replacing the C*-spaces in the statement of each result with its
corresponding Hélder space, C** with 0 < oo < 1. The only additional assumption
required is that O is a C*®, codimension-1, orientable submanifold of R®. In this
case, the functions ¢1 and ¢o are the principal eigenfunctions of the operators — Ly

and —Lo.

3. Matched Asymptotics of the Global Branch

In the previous section we demonstrated the existence of a vertical branch of solu-
tions to (1.3) bifurcating from the trivial branch at the bifurcation point @ = b. In
addition, we have shown for b < a < ¢ that there exists a secondary global branch of
non-trivial solutions of (1.3) emanating from the vertical branch (S,I) = (k¢1,0)
at the bifurcation point k = k*. In this section we obtain formal asymptotic prop-
erties of the solutions on the global branch C for values of a near c. To this end,
we rewrite (1.3-1.4) by employing the following rescaling

c(a—0b) -~
)\((c - a)) L
set ¢ — a = € and then remove the tildes for clarity. The system (1.3-1.4) can then
be written as the singularly perturbed boundary-value problem
—ely1S = (c—b—e¢)(eS+cl—el —cSI),
—Lol cI(S—1), x €,
0 = Di(x)S; + Ci(x)S = Da(z)I, + Ca(x)1, x € 0N. (3.1)

SZES and [ =

We assume that 0 < € < 1 and analyse the solutions of (3.1) in the a — ¢ limit,
that is e — 0. We use well-known singular perturbation theory (Murray 1984) to
obtain an approximation to the true solution of (3.1) valid for small e.

(i) Outer solution
Let us begin by seeking a solution of (3.1) in the form
Sout = So + €51 + 0(62) and I = Iy +eli + 0(62). (32)

Substituting these expressions into (3.1) and equating the coefficients of powers of
¢ we obtain the following at O(1):

0 = cle=bI(1-5y), z€9Q, (3.3)
—Loly = CI()(SO — 1)7 x e Q, (34)
together with boundary conditions
D1(x)Sor + C1(z)Se = 0, x € 09, (3.5)
DQ(ZE)IOQC + OQ(QS)IQ = 0, x € 0N. (36)
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It is easy to see that we must take Sy = 1 and Iy = B¢y (z), where B is a constant to
be determined and ¢5(z) is defined above. The function Iy clearly satisfies the nec-
essary boundary conditions (3.6) although Sy satisfies (3.4) but not the boundary
conditions. Thus we anticipate that for small €, the S component of the solution of

(3.1) will undergo a rapid change in value in a small neighbourhood of the boundary
of Q.
Before proceeding, we determine the constant B by equating coefficients at O(e):

7L150 = (C*b)S()‘FC(]. 750)((671))[1 — ].) — (C*b)[o(l‘kcsl),
—LsI; = C(S()Il + 51[0) —cly,

which yields

—C1(z) = (c—b)—(c—b)Bps(1+cSy), (3.7)
—LQI]_ = CB¢251. (38)

From (3.7) we calculate

_ Ci(x) + (¢ = b)(1 — Bo)

51 c(c — b)Bos ’ (3.9)
and hence
_ 1. Gi@) 4 (c=b)(1 - Bg) 2
Soutfl‘i’e C(C—b>B¢2 +O(€ )
Substituting (3.9) into (3.7) we have
—LyI, = (fl_(‘?) +1— By =: f(x), (3.10)

from where, using a solvability condition of Fredholm-type gives

/ngsg ((fi_(xb)) F1- B¢>2> dz = 0.

To see this, note that a solution to (3.10) can be obtained by writing I = w¢o and
solving —Low = f(x). But this requires [ ¢o(z)f(z)dz = 0 as Ly is self-dual and
¢2 spans the null-space of this operator. We may therefore conclude that

1 fo#2(Ci(x) + 1)dx
(c—0) fQ ¢3dzx

B= (3.11)

and
I(xz) = Bea(x) + O(e), (3.12)

with B defined above, is a valid asymptotic expression for the I component of the
solution of (3.1).
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(ii) Inner solutions

Next we construct inner solutions of the S component of the solution of (3.1)
which are valid close to the boundaries of (2 at x =0 and z = 1.
Consider first the boundary at x = 0. Let us define the variable

y:57 OZ>O,

which stretches out the immediate neighbourhood of x = 0. It follows that in the
small region close to z = 0, the behaviour of the S component of solutions of (3.1)
can be investigated by studying solutions of the following problem

—e'722Dy S, — e (CL(e*y)S), = (c—b—e€)(eS+I(c—e—cS)), y>0,
0 = e *Di(e"y)Sy + C1(e*y)S, y=0.

Using a standard procedure (Murray 1984), we choose oo = % which gives

—D1S,, — €2(C19), (c—=b—e)(eS+I(c—e—cS)), y>0,
0 = DiS,+e:C,S, y = 0.

(3.13)

Note that Cy(z) and I(x) are known functions of z and, in terms of the new
coordinate, we have Dy = D, (e'/?y), C1 = Cy(e'/?y) and I = I(e'/?y). Next we set
the inner solution at the boundary = = 0 to be of the form

SO =80+ 61/25? + 0(61/2).

Substituting into (3.13) we equate the terms of the same power, expressing the
functions D (e'/2y), Cy(¢'/?y) and I(e'/?y) using Taylor’s theorem as

Di(e/?y) = D1(0) +€"/2yDi(0) +o(e!/2), Ci(e"?y) = C1(0) +¢'/2yC1 (0) +o(e'/?),

and 1(e/2y) = B(62(0) + /2y 0) + o(e'/%)).
Equating terms at order O(1) we have

—D1(0)5g,, = clc—b)B(1 - 573), y € (0,00). (3.14)

Clearly S§ = 1 solves (3.14) and also satisfies the O(1) boundary condition S, = 0
at y = 0. Equating terms of order O(e'/?) we have

DlS?yy =c(c—0)BSY, ye(0,00), (3.15)
together with the boundary condition
Dy(0)S7, +C1(0)55 =0,  y=0. (3.16)
The general solution of (3.15) is of the form
SY = Que?VP 4 Qoe VP,
where

c¢(c—b)B

O (3.17)

p:
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while @1 and Q) are constants to be determined. We now perform the matching
procedure which, together with boundary conditions (3.16), will determine @7 and
QQ. Let

be considered fixed, where + is some function such that y(¢) — 0 and y(e)e /2 — oo
as € — 0. We now use the matching conditions (Murray 1984)

: m(€) ,
lim Sth ( (1/2 ) = lim Sout (n7(€)),
which gives Q1 = 0. Then in order for SY = Q.e™YV? to satisfy (3.16) we need

C1(0)

= e D)

(3.18)

We conclude that
S0 =1+ € /2Qqee VP 4 o(e!/?)

where @2 and p are defined in (3.18) and (3.17).
Next we consider the boundary at x = 1. Let us define the variable z by

1—2x
Z= ——
el/2

which stretches the region around x = 1. It follows that in the small region close to
x = 1, the behaviour of the S component of solutions to (3.1) can be investigated
by studying solutions of the following problem

—D1S.. 4+ €/2(C1S), = (c—b—e€)(eS+I(c—e—cS)), z2>0,

0 = DlSZ—el/QC&S, z=0. (319)

Now D;(z),Ci(z) and I(z), in terms of new coordinate, become D; = D;(1 —
€'22),Cy = C1(1 — €'/?2) and T = I(1 — €'/%%). We set the inner solution at the
boundary x = 1 to be of the form

Sh= S5+ €/25] + o(e'/?),

and substituting into (3.19) we equate the terms of the same order expressing
Di(1 —€/22),C1(1 — €/22) and I(1 — €/22), using Taylor’s theorem, as D;(1 —
€'/22) = D1(1) — €'/22D{ (1) + 0(e'/2), C1 (1 — €'/22) = C1(1) — €1/220 (1) 4 o(e'/?)
and I(1 — €'/22) = B(pa(1) — €'/22¢4(1) + o(¢'/?)). Starting with the lowest order
terms at O(1), we have

—D1(1)S},, = c¢(c —b)Bea(1)(1 — S}), z > 0. (3.20)
Clearly S} = 1 solves (3.20) and also satisfies the boundary conditions S}, = 0 at
z=0.

Equating terms of order O(e'/?) we have

D1(1)81,, = c(c — b)Bgo(1)S;, z >0, (3.21)
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together with the boundary conditions
Di(1)S], — C1(1)S; =0, z=0. (3.22)
The solution of (3.21) is of the form
511 = Ri1e*V9 + Rye V4,

where ¢ = where R; and Ry are constants to be determined.
Performing again the matching procedure, let

c(c—b)B¢2(1)
D

1—=z
v(e)

’LL:

for some function «y defined as in the case of the left boundary. Again, the matching

condition
1y (€) ,
(%2) = iy St =,

!
lim S},
e—0

gives Ry = 0. In order for S] = Roe™*V¥ to satisfy (3.22), we require

_ Cy(1) _
\/BC(C —b)D1(1)¢2(1)

Ry = (3.23)

We have obtained
SL =14 e/2Rye™*Va 4 o('/?),

where R is defined above. Having calculated the outer and inner solutions for S
we can obtain a uniformly valid asymptotic solution. Adding the inner solutions at
each boundary to the outer solution and subtracting the intermediate form which
is included twice, we obtain

T 1—2
Sunif(x) = Sout(x) + Slon (ﬁ) + Slln (61/2) -2+ 0(51/2)’

so that ’ .
Sunie(2) = 1+ €/2Qqoe” a2VP 4 (M2 Rye” 72V o(M/?), (3.24)

with @1 and Ry defined in (3.18) and (3.23) respectively, while the uniformly valid
expansion for [ is given by (3.12). We can now obtain a uniformly valid asymptotic
expression for the solution of (1.3)

S) = ;_i_c(c —)\a)l/z (QQe,W\/ﬁ_i_ (3.25)
R2€_(Cl'l_)zl/2\/a> +o((c— a)1/2),
o) = do=WJo@Ci@)t Ve oy e ), (3:26)

Mc—a) (c—Db) [, P3dx

for x € Q.
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Figure 2. Population levels of susceptible (—) and infected (— — —) groups at steady
state. Birth parameter a on horizontal axis and supremum-norm on vertical axis for (a)
dumb form (b) furious form.
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4. Discussion

In this section we illustrate the findings from the previous sections by simulating
the solution of (1.1-1.2) for b < a < ¢, using the NAG library routine DO3PCF on
the spatial domain z € [0,5]. Throughout we take D; and Ds to be constants and

Ci(z) = C;tanh(z — zp), (i=1,2),

where C; are constants and xp is the location of the focal point, situated in the
centre of the domain [0,5]. Activity around the focal point is represented by the
strength of the convection and diffusion coefficients and we assume that only the
healthy individuals are involved in the upbringing of offspring. In simulating the be-
haviour of infected individuals we concentrate on the two extreme forms of disease:
furious and dumb. In each of these two cases we take the following the parameter
values b=1/10,¢ =1/2,A =1/5 with b < a < ¢ and

1. dumb: D; =1,D5 =1/20,C1 =Cy =3
2. furious: D; =1,Dy =4,Cy = 3,C5 = 1/100.

In both cases, we have assumed that the focal point is at the active stage. Sus-
ceptible individuals have a strong convective movement which simulates movement
to feed offspring but also disperse across the domain to forage.

We are interested in how different disease strains influence the spatial structure
of the steady state and its population levels. Let us remark that from an intuitive
point of view, the level of infection will increase at a given location provided that
the susceptible population is above the threshold level | at that point. Therefore
we can expect that susceptible individuals will be able to coexist with the disease
provided that its levels are at, or below this threshold level in the regions containing
infected individuals. We now explore this intuition numerically for different disease
strains.

Figure 2 is the bifurcation diagram for (1.3-1.4) in both furious and dumb cases
and it illustrates the asymptotic divergence when a nears the mortality rate of
infected individuals c. In this diagram the total number of infected individuals at
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Figure 3. Steady state solutions for the dumb form of the disease at (a) a = 15/100 and
(b) a =4/10; S is full line and I broken line. (far-right) S component of the steady state
for dumb form of disease at a = 5 — (0.1)°

(b)

25 VA (a) 12

the steady state increases like O((c—a)™!), whereas the total number of susceptibles
at steady state is seen to increase much more slowly and asymptotic estimates
indicate that this number is bounded.

If we consider the dumb form of disease, then when the value of the birth
parameter, a, is close to the natural death rate of susceptible individuals, b, the
susceptible levels at steady state are necessarily higher than the infected population
levels (see Figure 3(a)). As the birth rate increases (see Figure 3(b)) the total
number of infected individuals at steady state eventually becomes larger than the
total number of the susceptible individuals. The susceptible population stays at or
below the threshold level in those areas where contact with infected individuals
is highest, and since the infected individuals suffer from the dumb form of the
disease, the highest number of them is situated around the focal point. Therefore
the density of the susceptible population is reduced to the threshold level around
the focal point, and this is ¢/A = 2.5 (see Figure 3 (c)).

Figure 4 shows the change of steady state solutions for the furious form of
the disease as the birth parameter a changes. As in the dumb case, if the value
of a is close to the natural death rate of susceptible individuals, the susceptible
and infected populations coexist at the steady state level with lower numbers of
infecteds than susceptibles. Again, for a near ¢, the total number of susceptibles
is lower than the number of infecteds (see Figure 2(b)). Due to the movement
assumptions regarding the furious strain, for a near c¢ the population density of
infected individuals at the coexistence steady state is at a very high level and is
almost uniformly distributed across the domain (see Figure 4(b)). Moreover, the
density of the susceptible population is also uniformly distributed throughout the
domain at the threshold value (see Figure 4(a)).

(a) A further dumb case

Figure 5 presents some steady state solutions of (1.1-1.2) for various values of
birth parameter a, with different movement parameters of susceptible individuals
from the two cases above. This could relate to the stage where the activity around
the focal point begins to slow down with the offspring reaching adulthood and
needing less attention. As a increases, an interesting feature is the spatial structure
of the susceptible population. The case when a nears b differs greatly from the
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Figure 4. Change of steady state solutions for (a) S and (b) I with respect to the birth
parameter a; movement parameter values are D1 =1, Dy =4, C; = 3, C> = 1/100.

s I
a=0.15

a=0.35

a=03

0499999 e T

@ ' ®)
Figure 5. Change of steady state solutions (a) S and (b) I with respect to the birth
parameter a; movement parameters are D1 = 1/2, Dy =1/20,C; = 1/2,C2 = 3.
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case when « is close to c. In the first instance, the susceptible population follows a
unimodal distribution with the highest number of individuals situated around the
focal point. In the latter case, the structure of the steady state becomes bimodal
with two local maxima situated symmetrically about the focal point.

The bi-modal nature of the steady-state in figure 5 is due to the following factors.
When a is near ¢, there is a high concentration of infectivity around the den, so
that any susceptible individual there will soon become infected. This follows from
the asymptotic form for the infective class at steady-state in equation (3.26). This,
in combination with a sufficiently small ratio C'; /D ensures that there is sufficient
movement of susceptibles away from the focal point to allow them to flourish in
those regions where infection is effectively absent. One can compare this with the
far-right diagram in figure 3 where convection to the den is too strong relative to
movement via diffusion to allow susceptible individuals to escape the region where
infecteds are concentrated.

Finally, we remark that the numerical simulations indicate that the coexistence
steady state, whose existence is demonstrated in section 2, is globally attractive
when b < a < c¢. In addition, when we used a fine spatial discretisation with a
collocation method in Content (see Kuznetsov et al. (1996)) to continue the branch
of steady-states, the software did not report any secondary bifurcations for the
movement parameters that we chose.
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