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Abstract. Human movement facilitates the spatial spread of infectious diseases and poses
a serious threat to disease prevention and control. A large number of spatial epidemic models
have been proposed and analyzed in the past few decades. The vast majority of these studies
focus on establishing a threshold result between disease persistence and extinction in terms of the
basic reproduction number. In reality, disease eradication is difficult and even impossible for many
infectious diseases. Thus, it is crucial to understand how population dispersal affects the total
infection size and its distribution across the environment. Based on a susceptible-infected-susceptible
patch model with standard incidence, some general results on the number of infections over all patches
and disease prevalence in each patch are obtained. For the two-patch submodel, we give a complete
classification of the model parameter space as to whether dispersal is beneficial or detrimental to
disease control. Particularly, fast diffusion decreases the basic reproduction number but may increase
the total infection size, highlighting the necessity of evaluating control measures with other quantities
besides the basic reproduction number. Higher infection risk means higher disease prevalence in the
two-patch case. However, numerical simulations find that the patch with the highest risk of infection
may not have the highest disease prevalence when three or more patches are concerned. Besides
spatial heterogeneity and diffusion coefficient, the total infection size is also significantly affected by
patch connectivity.
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1. Introduction. Human migration and tourism play an important role in the
spatial spread of infectious diseases. On the one hand, infected humans reach disease-
free regions, transmit infectious agents to local residents, and incur disease outbreaks.
This process happens repeatedly over time, e.g., 2003 SARS outbreak [33], 2009 HIN1
influenza pandemic [27], 2015-2016 Zika virus disease epidemic [45], and 2019-2020
coronavirus disease pandemic [46]. On the other hand, imported cases pose a big
challenge to nonendemic countries in achieving or maintaining elimination status.
About 1,700 malaria cases are reported annually in the United States even though the
disease was eliminated from the country in the early 1950s [32]. With transportation
and economic development, different regions have stronger connection and humans
travel more frequently than ever before. However, during severe disease outbreaks
like the ongoing COVID-19 outbreak, flight cancellations, border closures, and travel
restrictions are implemented in many countries and regions, which dramatically reduce
human mobility. These changes urge public agencies to pay increasing attention to
investigate the effects of travel on the geographical spread of infectious diseases.
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Many compartmental models consisting of multiple patches (countries, cities,
communities, etc.) have been developed to study the spread of general or specific
diseases in discrete space [5, 41]. Wang and coauthors [26, 40, 42, 43] studied the dy-
namics of SIS patch models with bilinear incidence and standard incidence. Salmani
and van den Driessche [34] proposed an SEIRS patch model by incorporating incu-
bation period and temporary immunity. Cui, Takeuchi, and Saito [10] formulated
a two-patch SIS model that includes infection during transport. Liu and Takeuchi
[30] further considered the joint effect of transport-related infection and entry-exit
screening through a two-patch SIQS model. Sun et al. [36] and Gao and Ruan [20]
analyzed an SIS model with the consideration of behavior change to describe disease
spread between two patches and an arbitrary number of patches, respectively. Arino
and Portet [6] modeled the disease spread between a large urban center and some
smaller neighboring satellite cities via an SIR infectious disease propagation model
where the urban center has standard incidence and the satellite cities have bilinear
incidence. Cosner et al. [9] presented two classes of the multipatch Ross—Macdonald
model to explore how human movement affects vector-borne disease transmission.
Gao and Ruan [21] introduced a more detailed multipatch malaria model with SEIRS
structure for humans and SEI structure for mosquitoes.

So far most existing theoretical works concentrate on analyzing the dynamical
behavior of model systems. Threshold results can usually be established in terms of
the basic reproduction number Ry. Namely, if Rg < 1, then the disease dies out, while
if Ry > 1, then the disease is uniformly persistent in all patches. The multipatch
reproduction number is determined by spatial heterogeneity, habitat connectivity,
and movement rates [1]. For the simple SIS patch model with standard incidence,
the multipatch reproduction number is bounded below and above by the minimum
and maximum values of the patch reproduction numbers [20], which means that the
disease becomes persistent or extinct in all connected patches if the disease spreads
or disappears in each isolated patch. However, for the SIS patch model with bilinear
incidence [43] or the multipatch Ross—Macdonald model [9], population dispersal may
induce disease spread even though the disease dies out in each isolated patch. Gao and
Ruan [21] numerically found that human movement can drive malaria to persist or
die out even if the disease goes extinct or persistent in two disconnected but identical
patches. Moreover, nonhomogeneous mixing between hosts and vectors alone can
result in a larger basic reproduction number for both visitation model and migration
model [22, 23]. In brief, population dispersal may intensify or weaken the persistence
of infectious diseases.

When an infectious disease becomes endemic in a patchy environment, a natural
question is how human movement affects the infection size or disease prevalence (i.e.,
the proportion of individuals in a population having a specific disease or a particular
condition) across the environment. In particular, we are interested in finding the
conditions under which dispersal results in more infections than nondispersal. As
we know, the basic reproduction number measures the initial transmission potential,
but can rarely characterize the endemic level of the infection. For the classical Ross—
Macdonald model, Dye and Hasibeder [13] showed that the number of host infections
initially increases then decreases with host size, whereas Ry is strictly decreasing in
host size. Few studies on examining the influence of human movement on infection
size or disease prevalence over all patches are available. Hsieh, van den Driessche, and
Wang [25] developed an SEIRP multipatch model with partial immunity and presented
a numerical example in which banning travel of sick individuals from the high to the
low prevalence patch can have a negative impact on the overall disease prevalence.
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Based on a multipatch Ross—-Macdonald model without spatial heterogeneity, Gao,
van den Driessche, and Cosner [22] found that the difference of the overall prevalence
in humans with and without dispersal may be constantly positive or change sign
when the diffusion rates of humans and mosquitoes vary. For a two-group multipatch
SIS model, Gao [17] demonstrated that infrequent travelers in the high risk patch
(where the patch reproduction number is larger) and the low risk patch (where the
patch reproduction number is smaller), respectively, have the highest and the lowest
disease prevalence. However, there is yet no systematic work towards answering the
aforementioned question. The main difficulty lies in the facts that the uniqueness and
global attractivity of the endemic equilibrium are generally unknown and the explicit
expression of the total number of infections at the endemic equilibrium is unavailable
or intractable.

It is worth noting that a pretty similar question in ecology is how the population
size and distribution of animals change with dispersal [11]. The maximal total pop-
ulation abundance is desirable for an endangered species, while we seek to minimize
the abundance of an insect pest. Freedman and Waltman [15] analyzed a two-patch
logistic model and proved that sufficiently high dispersal increases the total popula-
tion abundance if there is a positive relationship between intrinsic growth rate and
local carrying capacity. Holt [24] generalized these results to a source-sink system.
Recently, Arditi, Lobry, and Sari [3, 4] gave a full mathematical analysis of the model
of Freedman and Waltman [15] with symmetric and asymmetric dispersal. Wang
[44] studied the effect of dispersal on the total pollinator abundance according to a
two-patch pollination-mutualism model where only the pollinator can move between
patches. Lou [31] observed that continuous diffusion in a heterogeneous environment
increases the total population size if the intrinsic growth rate is proportional to car-
rying capacity. Zhang et al. [47] proposed a consumer-resource model in a continuous
spatial setting and tested it mathematically and experimentally. The reader may re-
fer to DeAngelis, Ni, and Zhang [11] for more references on the effects of diffusion on
the total biomass in discrete and continuous space. Although the method and theory
in ecology could inspire the study in epidemiology, we can expect that the latter is
possibly more challenging since only the infected subpopulation instead of the whole
population is concerned.

The main aim of this paper is to study the effect of population dispersal on total
infection size. In the next section, we formulate an SIS patch model with standard
incidence and present some preliminaries. In section 3, the asymptotic values of the
total infection size at the endemic equilibrium as the diffusion rate goes to zero and
infinity, respectively, are derived and compared. The disease prevalence of each patch
is estimated. Section 4 is devoted to a detailed study of the two-patch case. Numerical
examples are given to further explore the effect of population dispersal on the local
and global disease prevalence in section 5. The paper ends with a brief discussion.

2. The model. We consider an environment consisting of n patches connected
by human migration. The total population in patch i € @ = {1,...,n}, denoted by
N;, is divided into the susceptible and infected classes, with .S; and I; denoting the
respective numbers. Allen et al. [1] studied the following SIS patch model:

ds; SiL; .

o = Py Tdito > " Li;S;, i €Q,
(2.1) jee

dl; Si1; ,

7 =P —vili+eY  Lijl;, i €Q,

JEQ
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where 8; and +y; are positive transmission and recovery rates, respectively; L;; is the
degree of incoming movement from patch j to patch ¢ for i # j, and —L;; = Zj# Lj;
is the degree of outgoing movement from patch i to all other patches; and 0 and
¢ are positive diffusion coefficients of the susceptible and infected subpopulations,
respectively.

Assume that the connectivity matrix L = (L;;) is irreducible. Then the model
(2.1) has a unique disease-free equilibrium Ey = (N*,0), where N* = (N5,...,N})
is the unique positive solution of

> LyN;j=0,i€Q, and » Ni=Y (Si(0)+I(0) := N >0.

= =) ieQ
More precisely, it follows from Lemma 3.1 in Gao and Dong [18] that

N
N, ....N')= ——(L{,,..., L
(22) ( 1> ) n) ZIEQL;Z( 11> ) nn)7

where L} is the (i,i)-cofactor of L and sgn(L};) = (—1)""1. In particular, if L is

symmetric or line-sum-symmetric (i.e., the ith row sum of L equals the ith column

sum of L for all i € ), then Lj; =--- = L% and hence Ny =--- = N} = N/n.
The new infection and transition matrices of model (2.1) are, respectively,

F = diag{f1,...,0,} and V =diag{vy1,...,v} —€L.

Thus, by the next generation matrix method [12, 39], the basic reproduction number
of model (2.1) is defined as
Ro = p(FV_l).

Obviously, the basic reproduction number of patch ¢ in isolation is R(()z) = Bi/vi-
Allen et al. [1] showed that the disease-free equilibrium Ej is globally asymptotically
stable if Ry < 1, and there exists a unique endemic equilibrium E* if Rg > 1 and L is
symmetric. Two main theorems relate spatial heterogeneity, habitat connectivity, and
movement rates to disease persistence and extinction. They left three open problems
concerning the monotonicity of Ry with respect to ¢, the global attractivity of E*,
and the asymptotic behavior of E* as § — 0, respectively. The first problem was
recently answered by Gao [17] and Gao and Dong [18], while some progress in solving
the remaining two problems was made by Li and Peng [28] and Chen et al. [8].
To facilitate the study of the impact of human movement on the total number of
infections, we make the following assumptions throughout the paper:

(B1) S;(0) > 0 and I;(0) > 0 for i € Q.

(B2) L is essentially nonnegative and irreducible.

(B3) R(()Z) is nonconstant in 7 € 2.

(B4) The population distribution by patch obeys (2.2) as 6 = ¢ = 0 (no dispersal).
(B5) The diffusion coefficients of the susceptible and infected subpopulations are

the same.
The first two assumptions mean that the disease initially presents in every patch and
the n patches cannot be separated into disconnected parts, respectively. If (B3) fails,
then Proposition 2.2 in Gao and Ruan [20] implies that R, is constant for any e
and L. Meanwhile, the total number of infections at the endemic equilibrium equals
max{(1 —1/Ro)N, 0}, which is also independent of € and L. The fourth assumption
guarantees that the population size of each patch in isolation is the same as that of
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the patch in connection with § = ¢ — 0+ or at the disease-free equilibrium. The last
assumption is acceptable when a disease like the common cold has a mild effect on the
mobility of infected people. It enables us to establish the global asymptotic stability
of the endemic equilibrium. In fact, if 6 = ¢, then model (2.1) becomes

ds; SiL; .
=B ity LiS, i€,
(2.3) dlI; Si1; T
ditl = ﬂl Zif‘l 7"}/111 +€ZLUIJ7 s Q.
‘ jeQ

The total population in patch i obeys

dN;
dt

=e» LiyN;, i€Q, and » N;j=N>0,
jEQ i€Q

which has a globally asymptotically stable positive equilibrium N* = (N7, ..., N})
satisfying (2.2). Replacing N; with N in the second equation of system (2.3) gives
the limit system
dl; I; )
(24) Eiﬁl (17@) sz’yzfzﬁ’é“ZL”I], ZEQ.
i jeQ
By the theory of monotone dynamical systems [35] and asymptotically autonomous

systems [7], the global dynamics of system (2.3) are fully determined by the basic
reproduction number.

THEOREM 2.1 (Corollary 3.5 in Gao and Ruan [20]). For model (2.3), the disease-
free equilibrium Ey is globally asymptotically stable in Rf_” if Ro < 1, and there exists
a unique endemic equilibrium

E* = (8, I") = (S,...,8:,IF,... . I') = (N — It, ... N* — I*,TF,.... I?),

rn rn

which is globally asymptotically stable on the nonnegative orthant minus the disease-
free state if Ry > 1.

For system (2.4), if Rg > 1, then (If,..., I}) is the unique positive solution to

rn

I; )
(2.5) 5@ (1_ﬁ> Ii_’YiIi+€ZLijIj =0,1i€.

In what follows, we will investigate how human movement affects the total number
of infections over all patches. In particular, when is it detrimental or beneficial to
disease control in terms of infection size? Mathematically speaking, we will analyze
the dependence of the total infection size at the positive stationary solution

Tule) =) 1} (e)
ieQ
with respect to the diffusion coefficient € > 0 and see when T),(¢) is greater or smaller
than T, (0) (no dispersal). Note that system (2.4) can be viewed as a single species
multipatch logistic model, which has been studied from the aspect of dynamical behav-
ior and total biomass by many researchers [3, 4, 11, 14, 15, 21, 24, 37]. Nevertheless,
in theoretical ecology, the matrix of connectivity is usually assumed to be symmetric
and a sink patch does not have density-dependent mortality.
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3. General results. First of all, we present a lemma on the basic reproduction
number and the spectral bound of the Jacobian matrix of system (2.1) at the disease-
free equilibrium with respect to the diffusion coefficient of the infected subpopulation,
which ensures that if T,,(eg) = 0 for some ¢y € [0,00), then T,,(¢) = 0 for any
€ € [eg,00). The interested reader may refer to a recent paper by Gao and Dong [18]
for the proof and more details.

LEMMA 3.1. For model (2.1), the basic reproduction number Ro(e) = p(FV 1)
and the spectral bound s(e) := s(F — V) = s(F — D + €L) are strictly decreasing and

strictly convez in e € [0,00), where D = diag{~1,...,vn}. Moreover, we have
(4) _ (4)
%ﬂ < Ro(oo %@ /§%L<m)<m@4%me>Q

where R(()Z) = Bi/7: is nonconstant in i € Q and L}, is the (i,4)-cofactor of L. In
addition, if Ro(0) > 1, then the following hold:

(a) If Ro(o0) < 1, then there exists a unique critical value e* € (0,00) such that

Ro(e) > 1 fore <e*, Ro(e) =1 fore =€*, and Ro(e) < 1 fore > e*.

(b) If Ro(co) > 1, then we have Ro(e) > 1 for all e > 0.

Remark 3.2. When Ro(0) > 1 > R(00), the critical value €* exists and is actu-
ally the least positive root to the (n — 1)th degree polynomial equation det(F — D +
eL) = 0. For the two-patch case, a straightforward calculation yields

o (Br — 1) (B2 — 72)
(Br —7)L12 + (Bo — y2) Lo

When three patches are concerned, €* is a positive root of the quadratic equation

6262 +cie+¢o =0,

3

3
Cy = Z(ﬁl — ’yl)L; <0, c Z H ) Liia and Cco = H(ﬁz — ’}/i).

i=1 i=1 VES) i=1

Next we calculate the total number of infections at the stable steady state as
¢ — 0+ and oco. Denote the positive part of m by m™ = max{m,0}.

THEOREM 3.3. For model (2.3), we have

.
~Yro=% (1 - li) N;

i€ ieQ Ré)
and N
1
:mezﬁr——>M
i€Q Ro(e0)
where N
1
IF(0) ;= lim I/(e)= (1 . N}, i€ Q,
e—0+ R((JZ)
1 +
I7(00) := lim I7(e) = (1 ) N, Q
(00) = lim I7(e) Rooay) Niv i€
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Proof. If € — 04, then the transmission dynamics of patch ¢ € €2 can be described
by a single patch SIS model,

d
; = *ﬂz N +7ili,
% = @ N —ili,
where S;(t) + I;(t) = N;. Thus,
I(t)—>max{ 1—1/72O 0} 1—1/R(()i))+Ni* as t — 00.

Suppose Rg(o0) > 1. Tt follows from Theorem 3.6 in Gao and Dong [18] that

lim (If(€)7 R [;(5)) = m(lLT1‘7 sty |L:n|) = m(il)nil(Likla R L:n)

E— 0O

for some m > 0. Summing up (2.5) over ¢ from 1 to n gives

o) B -

1€EQ ?

= (B — )L (Z Bt
i€Q i€EQ
_Z (Bi = w)IL5;
i€Q)

N
o= = AL 2|L ( oo>2L|
oo>_21;<oo>_mz|L;;|_(1_m§O@)N

i€Q 1€Q

ZBJL 'zEQ

1€

If Ro(o0) < 1, then by Lemma 3.1 the disease dies out and T,,(¢) = 0 for sufficiently
large €. O

Remark 3.4. To compare the infection sizes with fast dispersal and slow dispersal,
we suppose that Ré’) > 1 for all i € Q. Then

1 1 *
T (00) — T, (0) = (1_730(00))]\[_%%(1_7%5“) N;
—Z

S~ (3 () /(%))

where [; = L*/Z:]EQ L7, satisfies 0 < I; < 1 and > icoli = 1. Therefore, by using
the Cauchy—Schwarz inequality, we obtain the following results:
(a) If B; = B for i € Q, then T, (c0) = T,,(0).
(b) If 7; = v for i € Q, then T, (c0) > T,,(0) with equality if and only if 3; = 8
for i € Q.
(¢) If B; —~; is constant for i € Q, then T;,(c0) < T,,(0) with equality if and only
if B; =B forie Q.
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Biologically speaking, large dispersal results in more infections than small dispersal,
provided that all patches have the same recovery rate. Thus, an increase in diffusion
coeflicient reduces the basic reproduction number but may enlarge the total infection
size. The conclusion of part (c) can be extended to T),(¢) < T,(0) for e > 0 by
calculating the tangent space of the ellipsoid » ;o (3:(1 — I;/N;*) —vi)I; = 0 at point
(I7(0),...,I(0)). In addition, if L is line-sum-symmetric, then [; = 1/n for all i € Q

and the difference becomes

-0 = (L5250 /5 )

i€Q i€Q i€Q

Thus, it follows from Proposition A.3 in DeAngelis, Ni, and Zhang [11] that

(a) if one of the sequences {R(()i)}ieg and {8; }icq is monotone increasing and the
other is monotone decreasing, then T, (o) < T5,(0);

(b) if both {R(()i)}ieg and {B;};cq are monotone increasing or decreasing, then
T, (00) > T,(0).
By the continuity of T}, (g) in € € Ry, the change trend of T),(g) near zero can be
determined by its right derivative.

THEOREM 3.5. For model (2.3), ifR((f) # 1 for all i € Q, then

D Lulj(

JEQ

LN =2 5=

i€Q %|
In particular,
1 1
B2 — 72| 1B —ml
and if Rgl) > maX{REJQ), 1}, then
sgn(T5(0+)) = sgn (81 — 71 — [B2 — 72|) -

Proof. Suppose Ry(0) = max;ecq Réi) > 1. Otherwise, T),(¢) = 0 for € > 0 and
the conclusion immediately holds. Thus, for sufficiently small e, we have Ro(e) > 1
and there exists a unique positive solution (I7, ..., I) to the equilibrium equations

(3.1) M,(I},...,IHT =0,

where M,, = F—V —diag{8:I; /N7, ..., 8,1 /N;}. Differentiating both sides of (3.1)
with respect to ¢ gives

T5(0+) = < > (L2117 (0) — L1215(0))

T

~(dI} dI*
(32) Mn ( d€1 PR ) ZLlj c ZLn] j )

JEQ

where M, = M, — diag{B.I;/N{,...,B.1:/N*}. The essential nonnegativity and
irreducibility of M,, imply that S(M ) = 0 and hence s(M,) < s(M,) = 0 and
sgn(|M,|) = (—1)™ # 0. So, M; ! exists and is negative (see, e.g., Corollary 4.3.2 in
Smith [35]). Solving dI}/de from (3.2) gives

ary A\t o )
(3.3) (dd'"’dT) =M D LIy, > Lal;

JEQ JEQ

T
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As ¢ — 0+, we have

M, — diag{B1 —v1 — 26117 (0) /Ny, ..., Bn — Y — 2B1:(0)/N;}

:_diag{lﬁl_’yl|a-~-7|ﬁn_’yn‘}
and hence
T
1304) = (5 )] DILZILICNI DA
n = — Sy _ J nj ]
|ﬁ1 71| |Bn ’7n| jeQ JjEQ

= Z ZLW J
iGQ ‘/Bl ’Yl| ]GQ
For n =2, if R(()l) > R(()z) > 1, then we have
1 1
T5(0+) = ( -
2(0+) |B2 —v2| |1 —
_ Br—71— B2+ 72
(B1 = 71)(B2 — 2)
Br—71— B2+ 7 1 1 .
= — LisN3.
(B =) (B =) \RP  RrM) 2

The last equality follows from Lo; Ni — L1o Ny = 0. The case of R(()l) >1> R(()2) is
simpler and can be proved similarly. O

—) Caki(© - Luat;(0)

(Lar (1= 1/REV) Ny — L1z (1 - 1/RY) N)

It is easy to show that T)(0+) can be positive or negative for any n > 2 by
constructing concrete examples (e.g., Rél) > 1 but Rél) < 1for all i € Q\{1}). Based
on Theorems 3.3 and 3.5, we can further construct numerical examples in which the
asymptotic total infection size is not a monotone function of the diffusion coefficient.

COROLLARY 3.6. For model (2.3), if T,,(0) < T,,(c0) and T} (0+) < 0, orT,(0) >
T, (00) and T, (04) > 0, then T,,(¢) nonmonotonically depends on .

The remainder of this section focuses on the impact of dispersal on the distribution
of infections or disease prevalence of each individual patch, i.e., I} () or I} (e)/N; for
i € Q. We are particularly interested in studying whether a high-risk patch still
has high disease prevalence in the presence of population dispersal. The following
lower and upper bounds on the I-component of the endemic equilibrium E* comes
from Lemma 3.1 in Gao and Ruan [21], which was proved by applying the theory of
monotone dynamical systems (in particular Proposition 3.2.1 and Theorem 4.1.1 in
Smith [35]). It partially generalizes Proposition 1 in Arditi, Lobry, and Sari [3] from
two-patch to n-patch.

LEMMA 3.7. For model (2.3), if Ro(e) > 1 for € > 0, then there exists a globally
asymptotically stable endemic equilibrium E* = (N™ — I*(e),I"(g)) satisfying

. 17(0) " 17(0) :
(Iirélglzl 7] > |L7;| < I7(e) < (max L] L3015 J €9,

where I7(0) = (1 — 1/7?,8))*]\71»* fori € Q. If, in addition, L is line-sum-symmetric,
then

Izrélgllll (0) < I7(e) <rzn€%x]i (0), j €9,
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where I7(0) = (1 — 1/RVFN/n fori € Q.

Since (N7, ..., N}) is proportional to (L, ..., L%, ), rewriting the first inequality
in Lemma 3.7 gives an estimate of the disease prevalence of each patch as follows. Note
that the estimate also works for the disease prevalence over all patches, i.e., T},(¢)/N.

PROPOSITION 3.8. For model (2.3), if Ro(e) > 1 for € > 0, then the disease
prevalence at the endemic equilibrium E* = (N* — I*(e),I"(¢)) satisfies

+
1 I (e 1
f()<1—7 jeq.

min Rgi) N 5 max Réi) 7
i€ i€Q

1—

The disease prevalence of patch 4 in isolation is max{1 —1/ R((f), 0}, which means
that without diffusion a higher risk patch has higher disease prevalence. The above
result indicates that diffusion decreases the disease prevalence and infection size of
the highest risk patch but increases those of the lowest risk patch. Can the highest
risk patch have the lowest disease prevalence or the lowest risk patch have the highest
disease prevalence in the presence of diffusion? We find that this extreme scenario
cannot happen for model (2.3). Thus, the sequence of the disease prevalences of each
patch cannot be in the descending order of the patch reproduction numbers.

THEOREM 3.9. For model (2.3), suppose that Rél) > > R(()n) and Ro(e) > 1

for € > 0. Then the disease prevalence at the endemic equilibrium E* = (N* —
I*(e),I"(e)) satisfies

Ii(e) . 17(e) 13 (¢) 17 (e)

N >Iz%1gzl N and Nz <I}1ég( N

In particular, for the two-patch case, we have I () /N{ > I3 (e)/N3, i.e., the disease
prevalence of the high-risk patch is always larger than that of the low-risk patch.

Proof. We only prove the first part, while the second part can be shown similarly.
Suppose not, i.e., the inequality Iy (e)/N; > min;eq I(¢)/N; may fail; then there
exists some g > 0 such that I (eo)/Ny = min;eq I} (e0)/N;.

Claim: If(e)/N{ = --- = I}(e)/N;} if and only if R(()l) == Ré"). Suppose
If(e)/Nf =7 € (0,1) for all i € Q. Then

Y LIy =) LytN;=7Y LiN;=0, i€,
JEQ JEQ JEQ

which implies that

I I v 1 ,
Z‘Ifk = i(l— Z)I-*— Z‘ITKZO L =1—-—=1- ~ =T, Q.
FUD = )l =0 = g S g TS
Hence R(()i):l/(lf’l') for all ¢ € 2. On the other hand, ifR(()l):~o:Ré”),then

Ro = Rél) > 1 and the unique positive solution to (2.5) is I = (1 — 1/Ro)IN™, or
equivalently, I /N =1 —1/R, for i € Q.
It follows from the above claim and the fact

i€Q JjEQ 1€Q
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that there exist k,l € Q such that fi(I}) > 0 and f;(I}) < 0. Thus,

I 1 I 1
max | sgn(B; — i) <1 -+ )) =1-+ —
€9 ( N 1-1/RY N{ 1—1Rr{Y

which implies that

I3 1 I
(ﬁl—’yl) (1— 1*->I*:/81 (1—71*)1*—’)/1]*:f1(1*)>0
Ny 1-1RM) Ny ' '

On the other hand, it follows from L(N*)T = 0 that

ZLlej > ZLlel*Nj =N ZLlej =0.
JEQ JEQ jEQ

So the left-hand side of the equilibrium equation for I; is positive, a contradiction. O

Remark 3.10. When three or more patches are concerned, we will numerically
show that the highest/lowest risk patch does not necessarily have the highest/lowest
disease prevalence even if the connectivity matrix L is symmetric. Moreover, the
disease prevalence of every patch converges to the same limit for infinite diffusion,
ie., IF(e)/Nf — (1 —1/Ro(c0))T as e — oo for all i € Q.

Remark 3.11. Dispersal changes the coordinates of the stable equilibrium, i.e.,
(I3 (e),..., Ix(e)) # (I7(0),...,I%(0)) for any € > 0, and the asymptotic disease
prevalence of at least one patch unless the disease dies out in each isolated patch.
In fact, it suffices to prove the case where the disease persists in all isolated patches,
ie., R((f) > 1 for all ¢ € Q. If not, then for some movement strategy L and diffusion
coefficient € > 0, we have
I7(e) _ 17(0)

1

7 (3

and hence
filI7 () =0 Y LiI;(e) =0 Vie Q.
J€Q
Thus, I7(e)/N;} is constant in ¢ € . The claim in the proof of Theorem 3.9 implies

that Ré’) is also constant, which contradicts assumption (B3). Note that the claim
also means that the distribution of the disease prevalences across the environment
is nonuniform, and there does not exist an “ideal free distribution” strategy such
that the distribution of infections is proportional to its host abundance. For the
multipatch logistic population model in ecology, the distribution of organisms can be
proportional to its resource level under any ideal free distribution strategy [16]. The
difference comes from the restriction that the “carrying capacity” of the SIS patch
model without dispersal, I} (0), depends on the movement strategy.

Remark 3.12. The patch with the highest infection risk has more exported infec-
tions than imported infections, while the patch with the lowest infection risk has more
imported infections than exported infections. Mathematically speaking, suppose that

R > >R and Ro(e) > 1 for & > 0. Then

> LiI(e) <0 and > L, (e) > 0.

JEQ JEQ
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In fact, it follows from Proposition 3.8 that

I7 1 I3
1— L = f1(1 1— —— — I > 0.
N; < EZGZQ 1] fl 1) B ( 'Rél) N*> 1>

The other case can be proved in a similar way. Using this method, we can give a
different but simpler proof of Theorem 3.9.

4. Two-patch case. In this section, we concentrate on the two-patch submodel

dl I
=5 <1 S~ ) It — Iy + e(—Lar It + Lials),

dt Ny

(4.1)
@*B< I)I Iy 4+ e(Loy Iy — Lyo1s)
dt72 N 2 — 7242 2141 1242).

Without loss of generality, we suppose that Rél) > RéQ).

LEMMA 4.1. For model (4.1), if 0 < Ta(gg) < To(0) for some g9 > 0, then
Ty(e0) < 0. In particular, if T5(04+) < 0, then T5(e) < 0 for all e € (0,00) as
Ro(oco) > 1 (or (0,e*) as Ro(oo) < 1).

Proof. The assumption Tx(gq) > 0 for 9 > 0 implies that Ro(0) > 1. Denote
r; = |Bi —vi| and K; = |1 — ~,;/B;| N} for ¢ = 1,2. We prove the statement by
considering three cases as follows.

Case (1): Rél) > Rgz) > 1. Similar to the proof of Proposition 4 in Arditi, Lobry,
and Sari [3], the equilibrium equations of system (4.1) can be written as

K, -I = e(=Lo1I{ + L1213),

’/‘1[*
Ko
Ky— I} = — e(Lor I — LyoI3),
2-[2
and hence
K K
Ty(6) ~ To(0) = (I +13) - (Ko + Ko) = (L I — Liaky) (22 - K1)
TQI2 7‘1]1
€ I I
4.2 =— (L I — L I*( - 2)
(4.2) ™ r21112(211 1213) TlKl ey

On the other hand, differentiating the equilibrium equations with respect to ¢ gives

(d]i“ I3 )T  Lailj — Lioky (Lot +roie eL1s (-1)
de ' de |Mo| elo €L12§% +T11171 L/
i 1

where M is defined as in the proof of Theorem 3.5 with | M| > 0. This implies that

Lot It — Lo I3 ( I I I I )
T _— L + T — + EL — €L — T — €L
2( ) |M2| 12 7o I* 1[(1 12 21 2 2K2 21
Lot It — LyoI} ( I I eI+ I7) X i} )
] el St v B S ) I — LIk ).
A 'K, Ky I T3 (Larly = Lio1)
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Thus, if To(eo) < T»(0), then (4.2) implies that

Lgllf —nglg <_€0(IiK —‘rIS)
| Mo | I3
I + 15
- _750(} + 2)(L211;‘ — Lip13)% < 0.
| M| I3 13

Ty(e0) < (Lo Iy — lefg))

The fact Loy I — L1215 # 0 follows from Theorem 3.9 or Remark 3.12.
Case (2): Rél) > Rgz) = 1. Similarly, we obtain

* € * * I
(4.3) I+ — K =5 (Laly —L1212)( = )
Kll N*I I3 K;
and
LoyIi — LisI} e(IF + I3 . .
Th(e) = W ( Kl BQN %(Lmll —L12]2)>.
2 2 112

If To(eo) = If + I5 < T5(0) = Ky, then (4.3) implies that

co(If +13)

LTI (Lo I — L1o13)* < 0.
2[£142

T3(e0) < —

Case (3): R(l) >1> R Slmllarly, we get

13 I I*+K2
I+ —K = Loy I — Lol < L2 e )
(4.4) IT +15 1= T (I*+K2)( 211y 1215) N T,
and
Loy I — Liol3 < Iy Iy e(If +13) . >
T et S’ A — L 2 (o I — LI ).
2( ) |M2| 7“1K1 K, 13 ( 2149 12 2)

If To(eg) = If + I5 < T5(0) = K1, then (4.4) implies that

Lgllf —nglék ( zfo(liIK +]§> )
T < = — Lo If — Lis13
2(20) < A T2 TiE (Lor Iy — Liol3)

LoyI; — LioI3 ( I + I ( I ))
= = ro — rolo {1+ —= <0
A > 7R K,

due to eg(La1 [T — L1215) = rol5 (1 + I3 /K5) > 0. This completes the proof. d

Note that the above proof is independent of K7 and Kb, i.e., the restriction (2.2)
on Ny and NJ is not required, so the lemma can be extended to a general two-patch
population model. Based on Lemma 4.1, we can easily obtain a complete classification
on when dispersal leads to more or less infections.

THEOREM 4.2. Suppose R(()l) > max{R(()Q), 1}. The following statements are valid:

(a) If T5(0+) <0, then Ta(e) < T5(0) for e € (0,00).

(b) If 0 < T5(04) < 0o and Ta(o0) < T2(0), then there exists € such that Ty(g) >
T5(0) fore € (0,€), To(e) = T5(0) fore =&, and Ta(e) < T»(0) fore € (&, 00).

(¢) If Ta(oo) > T5(0), then Ta(e) > T2(0) for e € (0,00).
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Proof. Tt is only left to prove the cases of T4(0+) = 0 and T5(0+) = oo; all other
cases immediately follow from Lemma 4.1, the continuity of T5(¢) in € € [0, 00), and
the continuous differentiability of T5(g) for 0 < ¢ < 1.

If T5(04) = 0, ie., 11 = |f1 — 71| = b1 — 71 = 12 = |B2 — 72| > 0, then the
following hold:

(1) R(()l) > Réz) > 1. It follows from Proposition 3.8 and (4.2) that

Iy 15 17 Iy

<1l< = —
K, K, 'K, K,

< 0= Tyh(e) < T2(0) for €€ (0,00).

(2) R(()l) >1> RE)Q). Again it follows from Proposition 3.8 and (4.4) that

I I I+ K
K}l <1=>T1F11—T2%22<0=>T2(6)<T2(0) for &€ (0,00).

If T5(0+) = 00, e, To =B — 12 =0 & R(()2) =1, then it follows from the fact

_ 5,50
2 *
K, N;

I 15 (0
L)

I,

— =r1 >0 — 0+,
TlKl NQ* 1 as € +

equation (4.3), the continuity of T(¢), and Lemma 4.1 that the conclusion holds. 0O

Recall that T5(04) = (|82 — 72|~ — |81 — m|™") (L2117 (0) — L1215 (0)) and direct
calculation yields

LioLoy(B1 — B2)(Biye — o) N .. (1) 2)
ifRY > RO > 1,
(L12 + Lo1)B1B2(B1Li2 + B2Lo) 0 0 =
Ly A e (1) 2)
T: —T5(0) = N iRy >Ro(oo)>1>Ry7,
(o) 2(0) (L12 + L21)B1(B1L12 + B2Lo2r) 0 o(c0) 0
Lyi2(Br — ) e s (1) 2)
_m2th =) iFRY > 1> Ry(00) > R,
(Lig + L21) 1 0 0(>) 0

where A = L19581(61 + B2 — 711 — 72) — L1262(f1 — 71) — La1B1(y2 — B2). We can
then give a more detailed classification in terms of the patch reproduction numbers

R(()l) and RéQ). In addition, a lengthy but interesting proof using a graphical method
similar to that used by Arditi, Lobry, and Sari [4] is given in the appendix. Note that
if R(()l) > R(()z) > 1, then the signs of both T5(c0) — T5(0) and T5(04) are independent
of the connectivity matrix L, and hence the change pattern (beneficial or detrimental)
of the total infection size Tz (e) is unaffected by the selection of L.
THEOREM 4.3. For model (4.1), we have the following:
(a) Rgl) > R(()z) > 1. Then
(1) if B1 —y1 < By — 2, then To(e) < T2(0) for e € (0,00) (and 1 < B2);
(2) if B1 —y1 > B2 — v2 and By < B2, then there exists

o = PiBe(Br—m — B2+ 1)
(B2 — B1)(La1Br + Li12B2)

such that To(g) > T»(0) for e € (0,e,), To(e) = T2(0) for e = &4, and
Ts(e) < T2(0) for e € (g4,00);
(3) if B1 > Ba, then Ta(e) > T5(0) for e € (0,00) (and B —y1 > B2 — ¥2)-
(b) R(()l) > Rég) =1. Then

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 09/22/20 to 8.210.231.146. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journal s/ojsa.php

2158 DAOZHOU GAO

(1) if B1 < B2, then there exists

B1B2(B1 — 1)
(B2 — B1)(L21B1 + L12f2)

such that To(e) > T2(0) for e € (0,¢p), Ta(e) = T2(0) for e = &, and

Ts(e) < T2(0) for e € (ep,00);
(2) if p1 > B2, then Ta(e) > T2(0) for e € (0,00).
(c) RYY > Ro(o0) = Luzbitloifiz > 4 5 R Thep
(1
(2

Ep =

Li2vyi+L21va =

) if B — 71 < 2 — P2, then T2( ) < T3(0) for e € (0,00);

L2181 (B1+B2—71—72)
) Zf 61 -7 > Y2 62 and Lf; > L12322(1311—711)+221511(722—52)’ then there

exists

Bi(L12B2(B1 — 1) + La1Bi(y2 — B2)) (B + B2 — 71 — 12)
(L12(B1 (71 4+ 72) — 687 — Bav1) + La1B1(v2 — B2)) (L2151 + L12032)

such that To(e) > T2(0) for e € (0,e.), Ta(e) = T2(0) for e = &, and
Ta(e) < T(0) for e € (e¢, 0);

L
@ £ < Tty e Th(0) > B0) for e € (0,09

(and By — 1 > v2 —

(d) Rgl) >1>Ro(o0) = % > R( . There exists

Ec =

. (B —71)(B2 — 72) >0

(B1 —m) L1z + (B2 — v2) Lo
such that Ro(e) > 1 fore € [0,e*), Ro(e*) = 1 and Ro(e) < 1 fore € (¢*,00).
Then
(1) if B1—y1 < y2—fa, then 0 < Ta(e) < To(0) fore € (0,e*) and Ta(e) =0
fore € [g*,00);
(2) if B1—1 > 72— B2, then Ta(e) > T2(0) fore € (0,e.), Ta(e) = T»(0) for
e =¢cq, 0<Th(e) <T5(0) fore € (ec,e%), and To(e) =0 fore € [e*, ).
(e) 1>RY > RP. Then Tu(c) = T2(0) = 0 for e € [0, 00).

It is worth noting that the analysis performed by Arditi, Lobry, and Sari [3, 4]
is limited to a source-source system (i.e., 11 = 1 — 1 > 0 and ry = 2 — 2 > 0).
We extensively generalize their findings by using both the analytical and graphical
methods.

5. Numerical simulations. We further explore how dispersal affects the total
infection size in a numerical way. The parameter ranges are mainly based on the
common cold by choosing 8; € [0.05,0.3] and 7; € [0.05,0.15] with per day as the
time unit [38]. For convenience, we assume the total population size N = 1, which
makes T, (¢) equivalent to the overall disease prevalence.

Ezample 5.1 (dependence of total infection size on diffusion coefficient). For the
two-patch submodel (4.1), choosing four parameter sets as listed in Table 1, we plot the
curves of Th and Ry in terms of € € [0, 1] in Figure 1. In all four scenarios, two source
patches, with patch 1 being the high-risk patch, are considered, i.e., R(()l) > RE)Q)

As indicated by Lemma 3.1, the basic reproduction number R is always strictly
decreasing and strictly convex in the dispersal rate €. In the first scenario, it follows
from Theorem 4.2 that the negativity of T4(0+) = —0.049 implies that T5(e) decreases
strictly from T5(0) = 0.37 to T5(00) = 0.33 (see Figure 1(a)). Namely, fast diffusion
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reduces the transmission potential and the infection size simultaneously. In the second
and third scenarios, the fact that 75(0+) > 0 and T»(0) < T5(co) means that dispersal
always leads to larger total infection size than no dispersal. More specifically, T5(¢)
initially increases then decreases in scenario 2 but constantly increases in scenario
3 (see Figures 1(b) and 1(c)). The third scenario is of particular interest in that
increasing diffusion always has inconsistent effects from the aspects of infection risk
and infection size, respectively. The last scenario has T4(0+) > 0 and T2(0) > T>(c0),
which suggests that small dispersal is detrimental but large dispersal is beneficial (see
Figure 1(d)). Similar scenarios can be found when dispersal is asymmetric.

TABLE 1
The parameter settings for Figure 1 with L1g = La1 = 1 for all scenarios.

T B2 2 [ R TRE [ Roloo) | 72(0) | Ta(eo) | T3(04)
a 0.1 0.051 0.2 0.15 1.96 1.33 1.49 0.37 0.33 —0.049
b 0.25 0.15 0.15 0.14 1.67 1.07 1.38 0.23 0.275 15
C 0.24 0.12 0.16 0.1 2 1.6 1.82 0.44 0.45 0.52
d 0.1 0.06 0.15 0.14 1.67 1.07 1.25 0.23 0.2 12.5

0.450F7

0.448
0.446

0.444}

Ry

1;

0.4421

0.4401

0.438

F1G. 1. The total number of infections T» (solid line) and the basic reproduction number Ro
(dashed line) versus diffusion coefficient € under four scenarios. The x-axis represents €, while the
left and right y-azes represent T> and Ro, respectively. See Table 1 for parameter settings.

Briefly speaking, there are four types of relationships between the total infection
size and diffusion coefficient for the two-patch submodel, i.e., strictly decreasing, ini-
tially increasing and then decreasing, strictly increasing, and constant. More complex
dependencies can appear when three or more patches are concerned (see Figure 2 for
the three-patch case).
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0.33

0.431}

0.32F
0.430

< 031} S o 0429f

0.428f
030}
0.427f

Fic. 2. The total number of infections T (solid line) and the basic reproduction number Ro
(dashed line) versus diffusion coefficient € under two scenarios. The x-axis represents e, while
the left and right y-azes represent T3 and Ro, respectively. Parameter values are (a) f1 = 0.29,
v1 = 0.073, B2 = 0.105, y2 = 0.061, B3 = 0.053, v3 = 0.14, Li2 = 0.03, L13 = 0.094, Lo; = 0.176,
Loz = 0.66, L3; = 0.098, L3> = 0.52; (b) 81 = 0.25, v1 = 0.085, B2 = 0.131, 2 = 0.053, 83 = 0.076,
v3 = 0.135, L12 = 0.14, L3 = 0.04, L2y = 0.13, Lo3 = 0.47, L3; = 0.04, L3> = 0.45.

Ezample 5.2 (disease persistence versus disease prevalence). Consider a two-patch
environment with the same parameter setting as scenario 2 in Table 1. The curves
of the disease prevalences of patch 1, patch 2, and both patches in terms of diffusion
coeflicient, i.e.,

L) BE L HE+EE) T
Ny ' Ny Ny+N; N’

are plotted in Figure 3(a). Since Rgl) = 1.67 and ’R(()Q) = 1.07, the disease prevalences
of patches 1 and 2 in isolation are, respectively,
I3 (0) 1 13(0) 1

=1- =0.4 and =1-— =0.067.
Ny R N3 Ry

When the two patches are connected, the disease prevalence of patch 1 decreases,
while that of patch 2 increases as diffusion coefficient ¢ varies from 0 to co. The
sequence of the three curves from top to bottom are for patch 1, both patches, and
patch 2, respectively. In other words, the disease prevalence of the high-risk patch is
constantly higher than that of the low-risk patch, and the overall disease prevalence
is between them. As e — oo, all three disease prevalences converge to the same value,
1 —1/Ro(c0). However, for a three-patch environment as illustrated in Figure 3(b),
the lowest risk patch does not necessarily have the lowest disease prevalence whenever
the dispersal rate is large enough. So the disease prevalences may not be in ascending
order of the patch reproduction numbers even if the connectivity matrix L is symmet-
ric. A possible reason for the occurrence of this phenomenon is that the connection
between the lowest risk and the highest risk patches is much stronger than any other
connection, which results in more cases imported to the lowest risk patch. With a
similar idea, one can easily construct an example in which the highest risk patch does
not have the highest disease prevalence.

Ezample 5.3 (effect of asymmetric dispersal). The total infection size, or equiva-
lently, the overall disease prevalence, is not only affected by spatial heterogeneity and
diffusion coefficient, but it is also influenced by patch connectivity. Using the same
parameter set as the last scenario in Table 1, the contour plot in Figure 4(a) shows
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— /Ny

-~ LN

- Ty/N

0.1 0.2 0.3 0.4

(a)

0.5

041

— Ii/N{ --- L;IN; - Li/Nj

2161

- T3/N

0.1 0.2 0.3 0.4

(b)

' &
0.5

Fi1G. 3. The single-patch and overall disease prevalences versus diffusion coefficient. Parameter
settings are (a) 1 = 0.25, y1 = 0.15, B2 = 0.15, 72 = 0.14, Li2 = Lo1 = 1 for a two-patch
environment; (b) 1 = 0.15, B2 = 0.12, 3 = 0.11, y1 = v2 = v3 = 0.1, L2 = Loy = 0.1,
Li3 = L31 = 0.9, Loz = L3z = 0.2 for a three-patch environment.

0.10

0.08

0.06

&Ly

0.04

0.02

0.00
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&Ly

(a)

0.348

0.290

0.232

0.174

0.116

0.08

0.06

&l
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0.02

0.00b n n n s .
0.00 0.02 0.04 0.06 0.08 0.10

&l

(b)

0.012

0.006

-0.006

-0.012

Fic. 4. The contour plots of the total infection size To(eL12,eL21) (left panel) and the difference

of the total infection sizes with and without diffusion Ta(eL12,eL21) — T2(0,0) (right panel) versus
travel rates eL12 and €La1. Parameter values are 1 = 0.1, y1 = 0.06, B2 = 0.15, v = 0.14.

the total infection size versus travel rates eL15 and €Lo;. We observe that if both the
diffusion coefficient ¢ and the asymmetry L;;/L;; are large enough, then the overall
disease prevalence approaches the disease prevalence of patch i in isolation. In fact,
for the two-patch case, if Rg(c0) > 1, then it follows from Theorem 3.3 that

Taleo) v mliy+mLly | mliz+yela
N Ro(o0) PrLi; + Baly B1Laz + BaLlo
1 L
_q_mtLla/liy 1=z o>

Bi+ Lot /L12Bs 1—@ iff—’;’; > 1.

In addition, the total infection size decreases with respect to the travel rate from high-
risk patch to low-risk patch, Lsq, but increases with respect to the travel rate from
low-risk patch to high-risk patch, Li5. Meanwhile, the difference of the total numbers
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of infections with and without dispersal is big when the asymmetry is not very large
and the diffusion coefficient is relatively small or sufficiently large (see Figure 4(b)).

6. Discussion. Despite a large number of studies regarding the effect of hu-
man movement on the spread and control of infectious diseases, very few of them
have been focused on how population dispersal affects the size and distribution of
infections. In this paper, we considered an SIS patch model where the disease does
not impair the mobility of infected people. Either the disease-free equilibrium or the
endemic equilibrium is globally attractive. The numbers of infections in each patch
and over all patches at the globally stable equilibrium are obtained as the diffusion
coefficient goes to zero or infinity. We established sufficient conditions under which
large dispersal causes more or less infections than no dispersal. The right derivative
of the total infection size at zero was calculated to determine its change trend for
small dispersal. We estimated the number of infections and the disease prevalence of
each patch at any dispersal rate and showed that diffusion reduces the infection size
and disease prevalence of the highest risk patch but increases these of the lowest risk
patch. However, the highest/lowest risk patch cannot have the lowest /highest disease
prevalence. In the case of two patches, the disease is always more prevalent in the
high-risk patch than the low-risk patch. Furthermore, we gave a complete classifica-
tion on when dispersal has a beneficial or detrimental effect on reducing infections
across two patches.

In addition, numerical simulations were conducted to further investigate how dis-
ease morbidity and endemic level vary with human migration. In the first example,
we confirmed that for the two-patch submodel the change pattern of the total in-
fection size in diffusion coefficient is completely governed by the total infection size
and its right derivative at no dispersal and the infection size with infinite dispersal.
Specifically, the total infection size either decreases, increases, or initially increases
then decreases with respect to diffusion coefficient. There are more change patterns
for the model involved more patches. The second example examined the relationship
between infection risk and disease prevalence. Higher infection risk means higher dis-
ease prevalence for the two-patch case. However, this result may fail under suitable
travel patterns for an environment containing three or more patches. The last exam-
ple concerned the impact of dispersal asymmetry. We found that the asymmetry can
significantly affect the persistence and endemicity of infectious diseases.

The basic reproduction number only characterizes initial transmission and serves
as a threshold quantity between disease persistence and extinction. It is usually
very difficult or even impossible to eradicate an infectious disease due to natural
reservoir, imported cases, pathogen mutation, etc. Therefore, reducing the number
of infections is a more feasible objective for the global control of most infectious
diseases. The potential inconsistency between the basic reproduction number and the
total infection size indicates that inappropriate border control may change the disease
persistence and disease prevalence in an opposite direction. To design a better control
strategy, health agencies should consider the influence of population dispersal on both
infection risk and infection size. Moreover, limiting human movement can lead to more
infections under certain conditions. This possibility deserves much attention for the
COVID-19 pandemic, in which domestic or international travel restrictions including
lockdowns are widely carried out across the globe.

To the best knowledge of the author, this is possibly the first theoretical work
about the effect of human movement on disease burden and its distribution. There are
many directions to improve and extend the current work. It is generally unknown how
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the total infection size changes with medium diffusion coefficient. We are interested
in developing a systematic approach to classify the parameter space into beneficial
and detrimental parts for a model system with an arbitrary number of patches. The
graphical method used for the two-patch case can hardly be applied to cases with
three or more patches since the associated ellipse, parabola, and line in the plane
become ellipsoid, paraboloid, and hyperplane in higher dimensional space. Under
what level of diffusion does the total infection size attain its maximum or minimum?
To what extent can diffusion change the total infection size relative to no dispersal
for a given connectivity matrix? When the susceptible and infected subpopulations
have different diffusion coefficients, Allen et al. [1] and Chen et al. [8], respectively,
showed the existence and uniqueness of the endemic equilibrium if the connectivity
matrix is symmetric and asymmetric. We would like to know whether the main
results obtained in this paper still hold [19]. Similar questions can be considered for
the SIS patch models with vital dynamics [20, 42, 43], the SIR patch model [29)],
the SEIR or SEIRS patch model [34], the multipatch Ross—Macdonald model [9, 22],
the SIS reaction-diffusion model [2], and so on. In reality, movement from high-risk
patch to low-risk patch may be restricted or banned. For example, the United States
banned travel from China very early to fight the novel coronavirus, but it failed to
block imported cases from Europe. What happens to the total infection size and its
distribution if some but not all travel rates are proportionally decreasing or increasing
while the remainder are unchanged [21]? The methods and results developed in this
topic may be valuable in studying the effect of dispersal on total population abundance
in spatial ecology.

Appendix: Proof of Theorem 4.3.
Proof. The positive equilibrium (I3, I5) of system (4.1) is the solution to

I
B1 (1 - Nl*> I —y1li + e(=Lo1 Iy + L12l2) = 0,
(A1) '

1
B2 (1 - N2*> Iy — yoly +&(Lo1 Iy — Lyals) = 0.
2

Adding the two equations in (A1) and solving I5 from the first equation of (A1) yields

1 I
éa(]l,lg) . ﬂl (17 ]\/}*)11771]14*52 (1* ]\[2*)12*’)/2]2:0,
(AQ) 1 2
P):Ih=—"1I — 1-— I — I
() I I I, b1 N )b 7l |,

where & is an ellipse independent of € and &2 is a parabola (open upward). Obviously,

systems (A1) and (A2) are equivalent. Further, if R(()l) > 1, then & can be written
as

Loy 71 ( I >
P(1): I, =—"1I — 1——= I
(1) : 1o Il I w1
where 11 = 81 — 1 > 0 and Ky = I7(0) = (1 — y1/51)Ny > 0. The parabola &,
passes through O(0,0) and M (K, K1Ls1/L12) for any € > 0. Moreover, the left and
right branches of the parabola &, converge, respectively, to vertical lines I; = 0 and
Py I, = K1 as € — 0+, and to a straight line P, : Iy = %Il as € — oo.
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Fic. Al. A schematic graph for Case (a2).

Case (a): R(()l) > R(()2) > 1. Denote ry = ff3 —y2 > 0 and Ky = I;(0) =
(1 —v2/B2) N3 > 0. Then the ellipse & can be rewritten as

I I
ot (1= 1) 1 ema(1- ) 1o
(I, I3) : @ 1+ 72 s 2
Clearly, &, passes through the points O(0,0), P(K;,0), A(K1, K3), and Q(0, K3). As
¢ varies from 0 to oo, the intersection of &, and the parabola &2, moves along the
ellipse from A to

B (L12K1K2(7“1L12 +roLlo1) Lot K1Ko(r1Lis + 7“2L21))
’rlKQL%2 =+ TQKlL%l ’ TlKQL%Q =+ T’QKngl ’

which is the nontrivial intersection of &, and & (see Figure Al).

To facilitate comparison of Th(e) and T5(0) = I7(0) + I5(0) = K + Ks, we define
a straight line £, : I + I = K1 + Ks. If the intersection of the ellipse &, and the
parabola &, i.e., (If,I3), is on or below the line .%,, then Ty(e) < T5(0), whereas
if the intersection is above the line, then T(¢) > T2(0). Direct calculation finds that
the ellipse &, and the line £, have two intersections:

A(K1,K3) and C <T2K1(K1 + Ky) mKo(K + K2)> _

1Ky + oKy T Ky + 1Ky

By differentiating the equation of &, with respect to I; and substituting point A into
the resulting equation, the slope of .7,, the tangent line to the ellipse &, at point A,

is —%. Next we split the model parameter space in terms of the relative position of

the three points A, B, and C, or equivalently, the three lines 0—121, @ , and O? whose
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slopes are
K2 L21 TlKZ
T 0 T and ’
K" Lo ro K3

respectively. It follows from

1 1 L Ky (1-1/RP)Nz
ROSROS11- ——>1-—>0= 2> 2 _ (1= 1/Rg )N3

RS Ry Lip " Ki (1 1/RY)Ny
that line ﬁ is below line O? in intRi.
(1) % = % & ry =ry & —ry/rg = —1. The line (f‘l coincides with O?

and the tangent line .7, coincides with .%,. Thus the ellipse &, is below %,
except for the point A, and hence Th(g) < T5(0) for € > 0.

s
(2) % > % &1 < rg & —r1/rg > —1. The line @ is above line OA and

line OA is above line O? in int]Rﬁ_. Therefore, the arc AB is below the line
%4, and hence Ty (g) < T»(0) for € > 0.

(3) % < % &1y >1re < —711/re < —1. The line O_}l is below both lines 5§

and OC' in intR? .

(i) If OB is above 07>', ie.,

L Ky 1-1/RY
ﬂ>7“1 2<:> /?2):E.é>ﬁ<:>52>51,
Lz 1ok 1—-1/Rg ro G172

then there exists £, > 0 such that the intersection (I5,I3) of &, and &,
moves along &, from A to C' to B as ¢ varies from 0 to ¢, to co. In other
words, if Sy > B1, then Ta(e) > T2(0) for € € [0,¢,] and Tz(e) < T5(0)
for € € (g4,00). Solving ¢ from the parabola &2, and substituting point
C into the expression gives the critical value

7"17”2K1K2(7"1 - 7’2)
(r1 Ky +roK1)(raK1 Loy — 11 K2 Lq2)
_ BiBa(Br— 1 — B2 +2)
(B2 = B1)(L21Br + L12fB2)

€q =

(i) If @ is below or coincident with O?, i.e., B2 < f1, then B belongs to
the arc AC, which implies that T5(g) > T5(0) for € > 0.
Case (b): Rgl) > R(()Q) = 1. The ellipse now takes the form

i
K,

)h-ﬁz

12
(gab(lhlg) i <1 - 2 =0.
2

N*

Clearly, in the first quadrant, &, passes through points O(0,0) and P(K7,0). As ¢
varies from 0 to 0o, the intersection of &, and the parabola &, moves along the ellipse
from P(K7,0) to

_ < TlKlNQ*L%Q T‘lKlNQ*ngLgl )
riNs LYy + B2 K1 L3, 1iNs LYy + B2 K0 L3, )

which is the nontrivial intersection of the ellipse &, and Z.
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Since T3(0) = K1, we define %, : I + I = K to compare T3(e) and T3(0). Direct
calculation finds that the ellipse & and the line %, have two intersections:

52K12 TlKlNg* )

P(K;,0) and c( ,
(K1,0) N3 + oK1 11 N3 + Bo K,

The vertical line Z, : I; = K is tangent to the ellipse &, at point P(K7,0). The

slopes of O?, @, and O? are

0, Lz a1V

Ly’ BaKq’

respectively. The line O? is below both lines @ and O?

(1) f—fl > ;12][\?1 & 1 < Bo. The line O? is below line O? but above line

OP. Then there exists £, > 0 such that the intersection (I7, I5) of &, and &
moves along &, from P to C to B as € varies from 0 to g;, to co. Consequently,
if By > B1, then Th(g) > T2(0) for € € [0,&5] and To(g) < T2(0) for € € (e, 00).
Similarly, solving ¢ from the parabola £, and substituting point C' into the
result gives the critical value

B2 K1 Ny B1B2(B1 — 1)

0= (riNg + BoK1)(B2K1Lo1 — 1iN5Li2) - (B2 — B1)(L21B1 + L12S2)

(2) Lz < Ny o B1 > B2. The line (ﬁ is above line (ﬁ, and line O? is above

Liz — B2K3
line O? Therefore, the arc PB is above line .%,, and hence Tx(g) > T5(0)
for e > O.1 )
Case (c): Ré) > Rp(o0) = % >1> Ré ). Denote ry = Yo —B2>0
and Ko = (y2/82 — 1)N5 > 0. Then the ellipse can be rewritten as
I I
oo (1= ) (- )
(I1,1I2) : K 1+72 )k 0

In the first quadrant, &. passes through points O(0,0) and P(K;,0). As e varies
from 0 to oo, the intersection of &, and the parabola &, moves along the ellipse from
P(Kl, 0) to

B (K1K2L12(7"1L12 —19L21) Ki1KsLoi(r1Lig — T2L21)>
’rlKQL%2 + T‘QKngl ’ TlKQL%Q + T’QKngl ’

which is the nonzero intersection of &, and . Note that Ro(occ) > 1 implies
r1L19 > 1r9Ls, 80 B € intR%_.

We still define %, : I; + Is = K;. The ellipse & and the line .Z. have two
intersections:

P(K;,0) and C(TQKl(K1+K2) (1 _TQ)K1K2>.

1Ky + 1Ky T rKy + 10Ky

Point C' lies in intRi if and only if 1 > ro. The slope of 7, the tangent line to the
ellipse &, at point P, is f%. The slopes of O?, O? , and O? are, respectively,

Ly and (Tl—Tz)Kz

0, —, -_
Lo ro (K71 + Ka)
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(1) 1y <rg <& —ry/rg > —1. The tangent line y is below or coincides with line
%, in the first quadrant. Therefore, the arc PB is below line Z., and hence

TQ( )<T2( )fOI‘€>O.

21 (ri—r2) Ko Loy L2161 (B1+B2—v1—72)
(2) r1 >z and > ro(K1+K2) = Li2 > Li2B2(B1—1)+L21B1(v2—B2)

< —1. The hne O? is above line 04(5 and line OC' is above line O? There
exists €, > 0 such that the intersection (I5, ) of &, and &2, moves along &,
from P to C to B as ¢ varies from 0 to e, to co. So we have Ty(e) > T5(0)
for e € [0,e.] and Tz(e) < T5(0) for € € (e.,00). Solving € from the parabola
Z. and substituting point C' into the result gives the critical value

and —r1 /79

rira(ry — ro) Ko (K7 + K»)
(r1 Ko 4+ 12K1)(r2 (K1 + K2) Loy — (1 — r2) K3 L12)
B B1(L12B2(B1 — 71) + L21Bi(y2 — B2))(B1 + B2 — 71 — 72)
© (La2(Bi(y1 4+ v2) = B2 — Bom1) 4 La1Bi(v2 — B2)) (L2151 + L1232)

L (r1—r2) Ko Loy L2181 (B1+B2—71—72) . .
(3) L?; = ro(K1+K2) At Lz1 < Li2B2(B1—71)+L2181(v2—B2) and —ry/ry < —1. The

line O? is below line O? but above line OP. Therefore, the arc PBi is above
line .Z., and hence Ty (g) > T(0) for € > 0.

Case (d): R(l) > 1> Ry(o0) = M > R(Q) It follows from Remark 3.2
1271+ L2172

that there exists a unique positive e* such that Ro(e) > 1 for e € [0,e*) and Ro(e) < 1

for € € (e*,00). Hence, Ta(e) > 0 for € € [0,e*) and Ta(e) = 0 for € € [¢*,00). Thus,

it suffices to consider € on the interval [0,e*]. We define &., .Z., ., €., and C as in

Case (c). As € varies from 0 to €*, the intersection of &, and the parabola &2, moves

along the ellipse from P(K7,0) to O(0,0). The slopes of O? and O? are, respectively,

Ec =

> 0.

(r —r2) Ky
0 and ————=.
ro(K1 + K3)
(1) 11 <rg < —ry/re > —1. The tangent line .7, is below or coincides with line
%.. Therefore, the arc PO is below line ., and hence T(eg) < T»(0) for

e €[0,e%].

(2) r1 > ro & —r1/ra < —1. The line O? is below line O? Therefore, for the
same €. as in Case (c), the intersection (I3, I;) of &. and 2. moves along &,
from P to C to O as € varies from 0 to €. to €*. Hence we have T5(e) > T5(0)
for e € [0,e.] and Tx(g) < T2(0) for € € (e, &*].

Case (e): 1 > R((Jl) > R(()2). Since Ro(e) < 1 for e > 0, the disease-free equilibrium

Ey is globally asymptotically stable, which means that T»(¢) = 0 for € > 0. 0

Remark. Suppose that R(()l) > R(()Q). Theorem 4.3 indicates that if 0 < 81 — 11 <
|B2 — 2|, i.e., 0 < r; < rg, then Ta(e) < T2(0) for £ > 0. This can be easily proved in
a unified way. In fact, the condition 0 < ry < r9 implies —r1/ry > —1, so 7, (or ),
the tangent line of the ellipse &, (or &) at A (or P), is below or comc1deb with line
%, (or £.). As e varies from 0 to oo (or €*), the intersection of the ellipse and the
parabola moves counterclockwise on the ellipse from A (or P) to B (or O). Thus, the
arc AB (or PB or 1/3?)) is wholly below line .Z, (or .£.), and hence Tx(e) < T2(0) for
e>0.
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