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Abstract: Cholera is an acute intestinal illness caused by infection with the bacterium Vibrio
cholerae. The dynamics of the disease transmission are governed by human-human, environment-
human, and within-human sub-dynamics. A multi-scale model is presented to incorporate all three
of these dynamical components. The model is divided into three subsystems where the dynamics
are analyzed according to their respective time scales. For each subsystem, we conduct a careful
equilibrium analysis, with a focus on the disease threshold characterized by the basic reproduction
number. Finally, the three subsystems are combined to discuss the dynamical properties of the full
system.
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1. Introduction

Infectious diseases continue devastating populations in developing countries, with a large number
of morbidity and mortality reported each year. Mathematical modeling has long been providing useful
insight into the transmission and spread of diseases and the design of effective control strategies [10].
Traditional mathematical epidemic models are focused on population-level dynamics, using well
established differential equation and dynamical system theory to study the persistence and extinction
of an infection. In recent years, more studies have been devoted to the understanding of pathogen
evolution and interaction within a human body, which constitutes an important step in the
development of a disease outbreak. Meanwhile, there has been increasing interest in multi-scale
epidemic modeling and in linking the between-host transmission and within-host immunological
dynamics [3,12].

The present paper is concerned with multi-scale modeling of cholera, a severe waterborne infection
caused by the bacterium Vibrio cholerae. The infection dynamics of cholera involve environmental
ecology, population epidemiology, microbiology, and immunopathology that span several distinct time


http://http://www.aimspress.com/journal/MBE
http://dx.doi.org/10.3934/mbe.2019037

783

scales (with the range from a few hours to several years). The primary source of cholera infection is
contaminated water and food. Meanwhile, the disease can be transmitted from the direct, human-to-
human route; e.g., through shaking hands with infected people, or eating food prepared by infected
individuals with dirty hands. In general, the disease can spread rapidly in areas lacking sufficient
sanitation and hygiene. Populations with limited medical resources especially suffer from cholera.
A significant example is the recent cholera outbreak in Yemen, a country that has been plagued by
two years of heavy conflicts and wars that led to a severe shortage of medical supplies and health
professionals. As of April 8, 2018, more than 1,088,000 cases in Yemen were reported by WHO [31],
making it the worst cholera outbreak in modern history.

There have been many mathematical models proposed for cholera
dynamics [1,4,9,13,17,18,22,23,26-28]. Most of these studies are concerned with the population
level between-host transmission, as is the case for mathematical modeling of many other types of
infectious diseases. On the other hand, cholera infection involves complicated within-host dynamics
that are distinct from other infectious diseases such as vector-borne or directly transmitted diseases.
In a Science article [25], the authors found that a virus, named cholera toxin phage (CTX¢), played a
critical role in the pathogenesis of the vibrios. The virus, through injecting its DNA to the vibrio cells,
causes a horizontal gene transfer of the bacteria that results in an infectivity hundreds of times higher
than the vibrios ingested from the environment. Human cholera, with the major symptom of severe
diarrhea, is a direct consequence of these highly infective vibrios. At the same time, the host immune
system is inevitably involved in the interaction with the bacteria and viruses that shape the within-host
development of cholera. Through shedding, the highly infective vibrios get out of the human body
and remain active for a period of several hours, during which time these vibrios may significantly
impact the human-to-human transmission of the disease. For example, a person who is infected with
cholera and who does not pay attention to basic hygiene and sanitation, may use dirty hands to
prepare food for, or shake hands with, other people, so that the infection risk of those people who are
in direct contact with this person would be significantly increased. Hence, the within-host dynamics
of cholera is not only essential in the development of the infectivity/toxicity for the pathogen, but also
impacts the between-host transmission.

A mathematical model that links the between-host and within-host dynamics of cholera was
recently proposed in [29], where the model consists of two time scales: the fast scale for the pathogen
dynamics inside the human body, and the slow scale for the disease transmission among hosts and the
environmental evolution of the vibrios. The within-host dynamics in this work, however, take a very
simple form, represented by a single differential equations describing the increased toxicity (or,
infectivity) of the pathogen inside the human body. In another recent study [30], the within-host
dynamics of cholera is investigated in more detail, where the vibrios ingested from the environment
(with lower infectivity) and those transformed inside the human body (with higher infectivity) are
distinguished, and their interaction with the virus (CTX¢) is taken into account. The model, however,
does not involve host immune responses, and the between-host transmission is not considered.

Based on the prior studies in [29, 30], we aim to perform a deeper investigation of the multi-scale
cholera dynamics in this work. To that end, we will emphasize the nontrivial within-host dynamics
by describing the interaction among different stages of the pathogen, the virus, and the host immune
response. We will also emphasize the three different scales involved in the development of cholera
infection: the environmental bacterial evolution could last for years, designated as the slow scale in
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this process; in contrast, the within-host interaction typically ranges from several hours to a few days,
and that is referred to as the fast scale. Meanwhile, the disease transmission and spread among human
hosts usually take place from weeks to months, regarded as the intermediate scale in this study. We
will particularly distinguish the environmental dynamics and the between-host disease transmission at
two different time scales in order to better reflect the reality.

We organize the remainder of this paper as follows. In Section 2, we describe our cholera model
based on differential equations that spans three time scales. In Section 3, we conduct an analysis using
separation of scales so that the sub-model at each of the three time scales is decoupled from each other.
We also consider the case where the environmental bacterial dynamics and the between-host disease
transmission are aggregated into one time scale, and conduct an analysis on this combined sub-model
which is still decoupled from the fast-scale dynamics. In Section 4, we combine all the sub-models
together by linking the three time scales, and present both analytical and numerical results. Finally, we
conclude the paper with some discussion in Section 5.

2. Model Description

We first describe the between-host transmission dynamics of cholera using the following system of
differential equations:

ds

I =uN = BuSI1 - 1S B — puS,

dl

— PuST+BSB—(y +pl, (2.1)
dR

Tyl - uR,

dr Yi—H

where S, 1, and R represent the number of susceptible, infected, and recovered individuals, respectively,
and B represents the concentration of the bacteria Vibrio cholerae in the contaminated water supply.
We assume that the natural birth and death rates for the human hosts are the same, denoted by u.
The size of the host population S + I + R is a constant and denoted by N. An individual contracts
cholera either through direct (i.e., human-to-human) transmission at the rate Sy, or through indirect
(i.e., environment-to-human) transmission at the rate 8, . In addition, an infected individual recovers
at the rate y .

The vibrios from the environment, when ingested by a human host, go through complex biological
and genomic interactions with the virus CTX¢ in the small intestine. As a result, the environmental
vibrios are transformed into highly toxic and infectious vibrios (with infectivity increased up to 700-
fold [7,15]), which we refer to as the human vibrios. Meanwhile, the host immune system responds to
the invasion by trying to eliminate the pathogenic vibrios and viruses so as to protect the human body.
Hence, our within-host model for an average infected individual takes the form

z BV —d\MZ - (7

— =C — f— .

dt 1 1

av

o =c,BV —d,MV — 1V, (2.2)
dM
E =eMZ +e; MV — pM,
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where Z, V, and M represent the concentrations of human vibrios, viruses (i.e., CTX¢), and host
immune cells, respectively. Since the generation of new human vibrios and the replication and
multiplication of new viruses depend on the numbers of both the (ingested) environmental vibrios and
the viruses, we have employed a simple bilinear form, BV, to represent the bacterial-viral
interaction [2, 19]. The parameters ¢; and ¢, denote the generation rates, and d; and d, denote the
immune killing rates, for human vibrios and viruses respectively;  is the removal rate of human
vibrios (due to natural death or shedding), 7 is the removal rate of viruses, and p is the removal rate of
the immune cells; e; and e, represent the immune stimulation rates from the human vibrios and
viruses, respectively.

Individuals infected with cholera typically develop severe diarrhea, through which the human
vibrios are shed into the environment. Once leaving the host body, the human vibrios lose their hyper
infectivity in a few hours [9, 15] and become part of the environmental vibrios, thus contributing to
the growth of the vibrios in the environment. Hence, The between-host and within-host dynamics are
connected through the environmental evolution of the vibrios:

dB

i &)1 - 6B, (2.3)
where £(Z) is the host shedding rate that depends on the human vibrios, and ¢ is the natural death rate
of the vibrios in the environment.

In summary, our cholera modeling system is subdivided into three smaller systems, represented by
Equations (2.1), (2.2) and (2.3), respectively, at three different time scales. The within-host dynamics
in system (2.2) typically range from several hours to a few days, referred to as the fast scale in our
framework. In contrast, the environmental evolution in system (2.3) normally take place in years and
decades, referred to as the slow scale in our framework. Meanwhile, the transmission and spread of
cholera among humans (i.e., between-host dynamics) in system (2.1) typically last several months,
referred to as the intermediate scale. Consequently, the variable B is referred to as the slow variable,
S, I and R are the intermediate variables, and Z, V and M are the fast variables.

3. Separation of Scales

We will start the analysis of our model by separation of time scales, which leads to decoupled
systems. In this simplified analysis, the slow variable B will be treated as constant in the intermediate-
scale and fast-scale systems. Meanwhile, the fast and intermediate variables will be considered at their
steady states in the slow-scale system.

3.1. Slow-Scale System Dynamics

The environmental evolution of the vibrios is governed by Equation (2.3). Due to the slow time
scale, we consider Z and [ at their steady states, or effectively as constant. By solving (dB)/(dt) = 0
for B, it is clear that the unique equilibrium solution is given by

_ ol

B )
0

(3.1)

where the term % can be interpreted as the environmental bacterial concentration per infected host.

We can also easily check the stability of this equilibrium by solving for B(¢). By direct calculation, we
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can see that
EX) - E2D)le™

)
Clearly, B(t) — @ as t — oo regardless of the value of B(0), which shows that the equilibrium is
globally asymptotically stable. Biologically, this result implies that the bacterial concentration in the
aquatic environment approaches a constant in the long run. In particular, if I = 0 (i.e., the infection dies
out), then B — 0; similarly, if £(Z) = O (i.e., no shedding from infected hosts enters the environment),
then B — 0. These two special cases can be directly observed from Equation (2.3), where the growth
of the environmental vibrios relies on the contribution from the infected human hosts.

B(t) = + B(0)e™'. (3.2)

3.2. Intermediate-Scale System Dynamics

The between-host dynamics are governed by system (2.1), where we consider B > 0 as a constant
due to the difference in time scale.

3.2.1. Disease-Free Equilibrium

It is straightforward to observe that if B is a positive constant, then the disease-free equilibrium
(DFE) does not exist for system (2.1). On the other hand, when B = 0, system (2.1) is reduced to a
standard SIR model representing an extreme scenario where the cholera infection only takes place
through human-to-human transmission pathway and there is no disease transmission from the
environment.

With the assumption B = 0, a unique DFE exists at (S, I, R) = (N, 0,0) = Xy. The basic reproduction
number for this system can be consequently determined as
_ BuN

y+u
It is well known that when R{) < 1, the DFE is globally asymptotically stable, indicating the extinction
of the disease; when Ré > 1, the DFE is unstable, indicating the persistence of the disease. Here we

skip the details of the analysis, since the SIR model has been extensively studied in the literature (see,
e.g., [14,21]).

R, (33)

3.2.2. Endemic Equilibrium

We proceed to conduct an analysis on the endemic equilibrium (EE) of system (2.1) with B > 0
fixed as a constant. We have the following result.
Theorem 1. A unique positive EE for system (2.1) exists of the form

X =(S* IR, (3.4)
where each component of X* depends on B:
uN

Bul* +BLB +u’
_BuN = (y + W(BLB + ) + N[y + WBLB + ) — uBuNI* + 4(y + )BupBLBN

'@ = 2(y + WPBu ’

S*(B) =

R'(B) =Xr®).
u
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Proof. Due to the linear relationship between R and I, it is only necessary to consider the
two-dimensional system with % and %. Setting both equal to zero and combining the two equations
yields a quadratic equation for I:

(v + wBul” + [(y + ()BLB + 1) — uBuNII — BN = 0,

or
al> +bl+c¢=0,
where
a =y + Py .
b=(y+ BB+ ) — uBuN ,
c=—uB; BN .

The two roots of the polynomial are given by the quadratic formula,

—b+ Vb? - 4dac

I] =
2a
/ -b — Vb? - 4ac
2 = .
2a

Note that /; is guaranteed to be positive and real since the term —4ac > 0 and 2a > 0. [, is real and
negative for the same reason. Thus, I; represents the value of I at the EE. We can easily substitute the
value I* = I; into the equation where ‘Z—f = ( to obtain the value of S at the EE. The resulting solution
is given by (S,1) = (87, I") where S and I* are defined in Equation (3.4). Obviously this solution is
unique. ]

In particular, from the expression of I* in Equation (3.4) we see that when B = 0,

ulBuN = (y + )]

I'0) =
© (v + wBu

and the endemic equilibrium is reduced to the one associated with the standard SIR model. This EE
exists only if Ry > 1 where R{ is defined in Equation (3.3). When B > 0, we can easily obtain
I*(B) > I"(0) by direct algebraic manipulation. This comparison indicates that the presence of the
pathogen in the environment increases the disease prevalence at the endemic state. In other words,
system (2.1) with dual (both human-to-human and environment-to-human) transmission routes yields
a higher level of infection in the long term than that associated with a standard SIR model (with only
human-to-human transmission mode), a result natural to expect.

3.2.3. Stability of Endemic Equilibrium

Since § + I + R = N is a constant, we only need to consider the following two-dimensional system

ds
E :/JN—ﬁHSI—ﬁLSB—/JS,
dl
7 =BuS1+pBLSB—(y +wl.

(3.5)
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In order to achieve local asymptotic stability, it is necessary and sufficient that all eigenvalues of the
Jacobian matrix have negative real parts when evaluated at the EE. The Jacobian matrix

—Bul —BLB — —BuS
Bul + BB BuS — (y +p)

when evaluated at (S, I) = (§7, I") leads to the characteristic polynomial al* + bA + ¢, where
a=1,

b :IBHI* +ﬁLB+2/J+’)/—ﬁHS*,
c=(y +w)Bul" + BB +p) —puS u.

The Routh-Hurwitz stability criterion [8] guarantees that all roots of the above polynomial have
negative real part provided that a > 0, b > 0, and ¢ > 0. Clearly, we have that a > 0. Also, consider

dl .
E :ﬁHS*[*'FﬁLS*B—(’y-F/J)I* =0

at the EE. Note that v + u > S5S*, which immediately gives » > 0 and ¢ > 0. Therefore, the EE is
locally asymptotically stable.
Indeed, we can establish a stronger result in this case.

Theorem 2. The EE of system (2.1) is globally asymptotically stable.

Proof. Consider again system (3.5) along with the function g(S, 1) = % Let the P, and P, denote the
right-hand sides of the two equations, respectively. We can now observe the modified system

ds N SB S
Pig=—g= ﬂ——ﬁ’HS —BL——'U—,
dt 1 1 1 (3.6)
dl SB ’
Pyg :Eg = BuS +,3LT—(7+,U)-

Then %(Pl g)+ %(Pz g) < 0. We have now satisfied Dulac’s Criterion for the system, which guarantees
global asymptotic stability of the EE [20]. O

3.3. Slow-Scale and Intermediate-Scale Coupled System

Having analyzed the slow-scale and intermediate-scale systems separately, we now consider the
coupled system consisting of (2.1) and (2.3) together, where the fast variable Z is still fixed at its
steady state.

3.3.1. Disease-Free Equilibrium

It can be observed that the DFE of this coupled system exists at (S, 1, R, B) = (N,0,0,0) = X,. We
will now proceed with the next generation matrix analysis to compute the basic reproduction number.
Consider the components of the system that are directly related to the infection

41 [SBul +BLB) y+wl | _
‘3—3]_[ 0 ]_53—6(2)1 =T G.D
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where compartment ¥ represents new infections and V represents transitions from other population
sets. The next generation matrix is FV~! where

BuN BN

F:Z)T(Xo)z[ 0 0 ], V=DV(Xp) =

vy+u O
~£2) 5} ’ G8

where X is the DFE of the system. Hence,

Fy-l = 1 [N(B—Li(z) + Bu) N—(7+g)ﬁL].

v+ U 0 0

The basic reproduction number, denoted Rgl here, is then defined as the spectral radius of the next
generation matrix:

NBu . PN £2)

R =p(FV" = 3.9
o =p( ) yiu y+p o (3.9)
which quantifies the disease risk for the coupled system (2.1) and (2.3). The first part, %

reproduces R|, (see equation 3.3) and represents the contribution from the intermediate-scale
dynamics to the disease risk. The second part represents the contribution from the slow-scale
environmental dynamics; particularly, note that ‘;% (where Z is constant) depicts the per capita
bacterial concentration in the environment (see equation 3.1). Obviously, we have R} < R}, implying
that using the intermediate-scale system alone might underestimate the risk of cholera transmission.

By van den Driessche and Watmough [24], we obtain local asymptotic stability of the DFE when
RSI < 1 and instability when RSI > 1. We now proceed to determine the global stability of the DFE.
Using Theorem 9 in Appendix A, we may establish the following theorem.

Theorem 3. When RY' = % [,BH + BL‘fT(Z)] < 1, the DFE X, = (N, 0,0,0) is globally asymptotically
stable.

Proof. Assume RY' < 1. Let X; = (S,R)", X, = (I, B)", and X; = (N,0)". Then the uninfected
subsystem is given by

d|S|_ . _|uN—=S8)=SPBul +p.B)
4[5 pov=S) st s

and the infected subsystem by

d\1| ., |SBul+p.B)—1(y+p)
E[B]‘G‘[ &Z)1 - 6B ' 3.11)
Note that when X, = 0, the uninfected subsystem reduces to
d|S UN -S8)
— = 3.12
dt [R] [ ~HR 12)

and the solution is given by
R() = R(0)e™, S@) =N—-(N-S(0)e*.
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We can see that as 1 — oo, R(f) — 0 and $() — N independently of R(0) and S (0). Thus, X7 is

globally asymptotically stable for

dX,
— = F(X,,0).
7 (X1,0)

This satisfies condition (H1) of Theorem 9. Next, we have

oG A
G=—(N,0,0,0)-G
(9X2( )

_|BaN—=(y+p) BN||I| |(N=S)Bul+pBLB)
) 5 ||B 0 '

(3.13)

Note that the matrix A = oaTGz(N’ 0, 0, 0) has non-negative off-diagonal entries. Also, G >0since N > S.
This satisfies condition (H2) of Theorem 9. Thus, the DFE is globally asymptotically stable. O

3.3.2. Endemic Equilibrium

By setting each of the four equations in (2.1) and (2.3) to zero, we are able to explicitly solve for
the unique endemic equilibrium solution:

ﬁ@@j*

S* :(7+#)(,3H+ 5
_HIN=S7)

Al (3.14)
_yY(N-5Y)

Y+u
B _HEZ)N = S7)
Oy + )

Note that we need R' > 1 in order for I* > 0.

I*

R*

First, we will analyze the local stability of the system. The Jacobian matrix evaluated at the EE is
given by

—Bul” = BLB* — 1 —S"Bu 0 =SB
Bul’ +BLB*  BuS* —y—-pu 0 B.S”
0 0% —u 0
0 £Z) 0 -5

Then the characteristic polynomial is given by

det(U = J*) = (A+w[A+WA—=8By +y+ WA +06)+ Bul” +BLB)A+y + )+ 0)

~(A+ WS BLE@)].
(3.15)
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The EE is locally asymptotically stable iff all roots have a negative real part. This is clear for A = —p.
As for the remaining three roots, we can observe the expression in brackets above to be agA® + a; 4> +
arA + az, where

ap =1,
ay =Buyl" + BB +6+2u+7y—-BS7,
ay = + Byl + BLB)S + Byl + BLB ) +y) + 261 + 6y + py — BuS™ — BLS E(Z) — BuS " u,

ay =61 + Su(Bul" + BLB") + Sy(Bul” + BLB) + Syp — S 1~ P18 EDu.
(3.16)

In order for the roots of the above polynomial to have negative real parts, the Routh-Hurwitz stability
criterion [8] requires that ay > 0, a; > 0, a > 0, a3 > 0, and a;a, > apa; . We will need to make use
of the following lemma.

Lemma 1. When RY' > 1, S* satisfies the following:
p+y=8Bu>0 and oy +p) =pLEZ)S" +PuS".

Proof. Let R}' > 1. Then

_Pu__ P
s Wty Fmm <Kty
SBn <p+vy

u+y—-SBy >0.

I

Next, we note that

SEED 4By =1 = S BLED) +Pud) = 5y + )
— Oy + ) = BLED)S" + PuS” .

Theorem 4. The polynomial agA® + a, A% + a,A + as, with ay, a;, a, and as as defined in (3.16), satisfies
the inequalities ay > 0, a; > 0, a; > 0, a3 > 0, and a,a, > apas.
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Proof. Using Lemma 1, we can easily show the following inequalities:
ay =Bul" +BrB* +6+2u+vy—BuSx

=Byl +B B " +6+u+u+7y—PBuS"
> 0.

a = (* + Bul* + BLB)S + (Bul” + LB + ) + 201 + Sy + py

— 0BuS” = BLS"E(Z) — BuS "1

= Bul” +BLB ) +y +0) + o+ p(u+7y = BuS™) + 6(y + ) = BLS "6(Z) — 6BuS”

> 0.

as = 64 + 6u(Bul’” + BLB") + Sy(Bul" + BLB") + Syp — 6BuS 1 — BLS " EZ)u

= ulo(y + ) = BLS"E(Z) — 0BuS 1+ 6(y + wW(Bul” + BLB")

=06(y + wWPBul" + BLB")
> 0.

aya; — apaz > 0d, — Apds

=0 + 0Bul” + BLB Y +y +6) + uyd + Su(u +y — PuS” +6°u

=0y + WBul” + BLB")
>O0(u+y+0)Bul" +BLB") —6(y + W)(Bul”" + BLB")
> 0.

O

We now move on to determine the criteria for global stability of the EE. In order to do this, we will
employ the geometric approach of Li and Muldowney [11], the main result of which is summarized in

Theorem 10 in Appendix A.

Theorem 5. If R(S)I > 1 and 2ByN —vy < 0, then the unique EE (3.14) is globally asymptotically stable.

Proof. First, we let P = diag[1, £, £]1. Then

> B

[ B B
P! = diag l,—,—],
| 1]

N IAY
P =ding 0.(5)..(5) ] |

| ' B I B
PpP ! = diag|0,— - —, = — —
| I B I B
The Jacobian matrix of the system is given by
—Bul —BLB — 1 —Bus BLS
J=| Bul+BB  BuS —y—-p BiS|.
0 E(2) -0

Mathematical Biosciences and Engineering
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The second additive compound matrix is then given by

Bu(S =1 = BB — (y +2u) BLS BLS
Je = &2) —(Bul + BLB + p + 6) —BuS ,
0 Bul + BB BuS —(y +u+9)
and then
Bu(S = 1) = BB — (y +21) ,BLS—IB ﬁL%
pJPp! = &2)L —(Byl + BB+ +6) —BuS
0 Bul + (1B BuS —(y +u+9)

Thus, we can find the matrix Q = PrP~! + PJ?IP~!. We can write Q in block form as follows:

Q1 Qn
Q_[QZI sz]’

where
On =PBu(S§ =D —-pLB—(y+2u,

lez[ﬁLSTB LSTB],
_ @5
o= [f24].
—Bul +BLB+u+6)+L-£ —BuS
Bul +BLB BuS —(y+pu+o)+ L -Z|"

Let m denote the Lozinskii measure with respect to the norm |(xy, x5, x3)| = max{|x;|, |x2], |x3]}. Then
m(Q) = sup{gi, g2} with

QZZZ[

g1 =m(Qn) + 1012,
8 =|0a1| + mi(Q») .

By direct calculation, we see that

SB
&1 =BuS ~ D)~ BuB +y + 2 + P22,
DI I B (3.18)
&2 :T—(y+6)+7—§+sup{0, ZﬁHS —')/}
Equivalently,
I/
81 :7 —Bul —BLB—pu,
, (3.19)

I
g2=7+ sup{0, 26yS —y} — .

From this, we see that if 285N —vy <0, then 284S —vy < 0, and then m(¢) = sup{g;, g} < ’7 —u. Now,
for sufficiently large ¢, since 0 < I(f) < N, we have

In(1(?)) — In(1(0)) < I
t -2
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Therefore,

1 [ 1 ((I(s) _ In(/(®)) — In(1(0)) 7
;fom(s)dSS;fo(m—u)ds— ; —,us—z

for sufficiently large 7. This now implies g, < -5 < 0. According to Theorem 10, the EE (3.14) is

globally asymptotically stable. m|

We comment that in Theorem 5, 285N —y < 0 is an additional (sufficient) condition, on top of the
requirement Ry' > 1, to ensure the global asymptotic stability of the EE, indicating a strong persistence
of the disease when the host population size is lower than a certain threshold. From the proof, however,
it is clear that we only need 28yS — v < 0, a somehow weaker condition, to establish the result.

3.4. Fast-Scale System Dynamics

We now investigate the within-host dynamics in our cholera model represented by (2.2), referred to
as our fast-scale subsystem. This system describes the interaction among vibrios, viruses, and immune
cells within the human body for an average infected individual. Per the separation of time scales, we
treat the slow variable B as constant in the analysis below.

3.4.1. Trivial Equilibrium

The trivial equilibrium of this system is given by (Z, V, M) = (0, 0, 0). Consider the Jacobian matrix

—dlM—{ C]B —dlZ
J(Z,V,M): 0 CQB—dzM—T —dQV
elM eaM el Z+eV—p

which, when evaluated at (Z, V, M) = (0, 0, 0) becomes

—{ ClB 0
J(0,0,0)=Jy=10 cB-7 O
0 0 -p

Obviously the three eigenvalues are —{, —p and ¢, B — 7. We define the basic reproduction number for

the fast-scale system by

B
R = 627 (3.20)

which is the ratio between the generation rate and the natural removal rate of the viruses that infect the
vibrios. It is clear that the trivial equilibrium is locally asymptotically stable if R, < 1, and unstable if
R}, > 1. Biologically, this implies that when the concentration of the environmental vibrios B (treated
as a constant in this fast-scale system) is sufficiently low, the within-host dynamics may be trivial and it
may not be necessary to include the within-host model in our study. In contrast, when the concentration
of the environmental vibrios B is higher than a certain threshold, then the within-host dynamics become
non-trivial and may also impact the between-host disease infection at the population level.

The solution behavior at the marginal case, Rg = 1, is not straightforward and requires the use of
the center manifold theory [16]. The details are provided in Appendix B.
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3.4.2. Nontrivial Equilibrium

Next, we assume Rg > 1 and seek the existence of a nontrivial equilibrium (NTE) solution. The
three equations in system (2.2) yields the following values for the nontrivial equilibrium:

. ¢ Bp
_C1€1B + ez(dloz + {) ’
V= pldia +{) (3.21)
cieiB+eyda+)’
M =a,

where @ = 625 *. Note that this equilibrium is positive and unique when @ > 0, which is true iff R > 1.
We have the following result regarding its local stability.

Theorem 6. When Rg > 1, there exists a unique positive equilibrium (3.21). Furthermore, it is locally
asymptotically stable iff d, > d, .

Proof. By evaluating the Jacobian matrix at the NTE, we obtain the determinant

—dld—g—ﬂ C1B —diciBp

cie1B+ex(dya+{)

|J(Z*, Ve, M) - /U| - 0 -1 ~dap(dya+d) |

clelB+e2(dla+§)

e\ e -A

Evaluating this determinant yields the characteristic polynomial aA® + bA* + cA + d where

a=-1,
- (dia +0),
palcidieiB + drer(dya + ()] (3.22)
cre1B + ex(dya + 0) ’
d =—dypa(dia + Q).

Clearly, we have that @ > 0 = a,b,c,d < 0. The Routh-Hurwitz stability criterion [8] guarantees
local asymptotic stability when bc > ad. This condition is met as long as d; > d, . Specifically,
[cidie1B + drey(dia + )]

cie1B + €2(d1(1’ + {)
[c1dre B + drer(dia + )]

cie1B +ey(dia + )

bc =pa(dia + )

>pa(dia + {)
=drpaldia + {)
=ad

iffdy > d,. O

To summarize the result, when R < 1, there is a unique and stable trivial equilibrium for the fast-
scale system; when R, > 1, the trivial equilibrium is unstable, and there is a unique and stable positive
equilibrium.
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4. Full System Analysis

Now that we have analyzed each of the three separate components of our multi-scale model, we
will move on to the full system, with all three subsystems coupled together.

ds

E::UN_IBHSI_ﬁLSB_,US,

dl

E:ﬁHSI‘FﬂLSB—(V"‘/J)I,

dR

— =yl — uR,

a Uk

dB

—— =&2Z)I - 6B, 4.1
7 &(2) 4.1)
dz

— =BV —-diMZ - (7,

7 = 1 4

dv

E :CZBV_ dzMV—TV,

amM

ar =e\MZ + e; MV — pM.

We assume that £(Z) > 0 and £'(Z) > O for all Z > 0. Particularly, when &(Z) is a positive constant, as
is the case considered in many prior studies (see, e.g., [13,22,23,26]), these assumptions are satisfied.

4.1. Basic Reproduction Number

It is clear to see that there exists one unique DFE at (S, I, R, B,Z,V, M)" = (N,0,0,0,0,0,0)" = X,.
Consequently, the next-generation matrix of the system is given by FV~! where

o 0 0o _|-&0) 5 0 0
F= 0 0 0 of V= 0 0 ¢ o (4.2)
0 0 00 0 00 7

The basic reproduction number R is the spectral radius of the next generation matrix. Thus, we obtain

Ro = BuN +:8LN§(O).
y+u 6y +p

4.3)

Although the expression of Ry is similar to that of Rgl in Equation (3.9), the distinction is that the fast
variable Z is treated as a constant in Equation (3.9) at the combined slow-intermediate scale, whereas
Z does not appear in Equation (4.3) since the slow, intermediate and fast variables are all coupled
together in the full system (4.1). Instead, the term &£(0) in equation (4.3) represents the role played by
the fast-scale dynamics in shaping the overall disease risk. With our assumption of the function £(Z),
it is clear that

Ry <Ry <R}, (4.4)

which indicates that we might underestimate the disease risk if we only consider the between-host
transmission at the intermediate time scale, yet we might overestimate the disease risk if our model
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includes both the intermediate-scale disease transmission and slow-scale environmental evolution but
does not incorporate the fast-scale within-host dynamics. In general, the full system (4.1) represents
a reciprocal (or, two-way) coupling between the different time scales. A special case occurs when
&(Z) = ¢ > 0 1s a constant, leading to Ry = RS‘. This scenario represents a unidirectional (or, one-
way) connection across the scales. On one hand, the slow-scale and intermediate-scale subsystems
are independent of the fast-scale subsystem, so that the within-host dynamics does not play a role in
shaping the population-level disease transmission characterized by the basic reproduction number. On
the other hand, the fast-scale within-host dynamics are still directly impacted by the intermediate-scale
between-host transmission and the slow-scale environmental bacterial evolution.

Another interpretation of the basic reproduction number is based on the multiple transmission routes
of cholera. In Equation (4.3), the first part on the right-hand side represents the contribution from the
human-to-human transmission, and the second part represents the contribution from the environment-
to-human transmission and the within-host dynamics. These factors, including human-human and
environment-human interactions, and bacterial dynamics in the environment and within the human
body, together shape the overall disease risk for cholera.

Again by van den Driessche and Watmough [24], the DFE is stable whenever Ry < 1 and unstable
when Ry > 1.

4.2. Endemic Equilibria

We now seek all possible equilibrium solutions (S*, I*,R*, B*,Z*,V*, M*) in which the infected
population persists. As such, we assume I* # 0. It follows immediately that R* # 0 and S* # 0. We
now have multiple cases to consider.

Case 1: Suppose Ry > 1, %X = 0, B* # 0 and V* = 0. Then % = 0 implies Z* = 0 and & = 0
implies M* = 0. The remaining four variables are uniquely determined by the remaining equations.

Therefore, Case 1 yields the solution

o
Ry
I Ou(Ro — 1)
OBu + BLE0)
R = Oy(Ro— 1)
OBy + BLEO) 4.5)
B _HEO)Ro — 1)
6B + Bré(0)’
Z" =0,
V* =0,
M* =0.

Note that S*, I*, R*, and B* are all positive since Ry > 1. This solution can also be reached by changing
the initial assumption V* = 0 to Z* = 0. This first case reduces to a system that reflects inactivity
within the hosts, while environmental bacteria and the infected population persist.

Case 2: Suppose Ry > 1, il—)f =0,B"#0,Z # 0and M* = 0. It follows that each remaining
variable must be nonzero. il_\t/ = O tells us that B* = . Knowing this value for B*, we may use the
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first two equations to solve for $* and /*. In doing so, the solution for /* presents itself in the form of

a quadratic equation:
. —b+x Vb*>-4dac
lo = 2a ’

where
a=cfu(y + p),
b =(y + WPBLT + copt) — coPfuN,
¢ =— utB.N.
Note that the solution with the positive root is guaranteed to be positive, since @ > 0 and ¢ < 0. Now

that we have obtained this value for /*, the rest of the solution variables may be determined to be as
follows:

. o N
CeBuly + 1) + BT
r=r,
R :Z—;IS,
" T
B =2 (4.6)

7 _1( ot )
IE;CZ ’

v :%5_1( ot )’

1T INE)

M =0.
This equilibrium represents a state in which the host immune cells are depleted, but the viruses and
vibrios persist within the human body.

Finally, we will establish the existence of an entirely positive EE solution. Under the assumption
that each variable is nonzero, we may solve the system (4.1) to obtain the system

g o o0 +p
8B + PBLéE(Z)’
I uN MO
Y+u By + Pz
R = YN Yo
Y+u  6Bu+PiEZ)
NEZF Y4
g MNEEZ) @) (4.7)
0y +u1)  6Bu +Pré(Z)
7t = ClpB*
_clelB* + C1€2M* + 62{’
€2
o B -7
= o
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For the special scenario £(Z) = € = Const, it is easy to verify that the above expressions for S*, I*, R*
and B* coincide with those in Equation (3.14), since the slow-scale and intermediate-scale dynamics
are decoupled from, and independent of, the fast-scale dynamics. In what follows we will focus on the
more general case where £(Z) is not a constant. Note that the existence of such a solution depends on
Z*, as all other variables are represented as functions of Z*. To start the analysis, we expand Z* in the

following way:

. cpB’
Z = A, %
cie1B* + ciey [Q?I—z_‘r] + 625
_ ClpB*
B* [C]é’l + _012262] - % + 624
= B* el+% Z"=cipB + e £—§ zZ"
d2 d2
N 1 ezdz[‘l' {] A
- [(dae) + c22)Z" — pdy] = — | — — = .
[5(7+u) 6ﬁH+ﬁL§(Z*>] R P e e
Let
f(Z) al ! [(dre) + cren)Z" — pd>], Z' >0
= - Cré - :
! Sy +1) OBy +PiEzn | T s TheL 4=
« e2d2 T g] A "
ZN)="—|—-= , Z">0.
PEY=" g "o ez

If the two above equations have exactly one intersection point Z;, then this point will determine a

unique solution for the system.

Theorem 7. Suppose ¢\t < dr{, £'(Z) < 0 and Ry > 1. Then there exists a unique point 7 €

(0 = ) such that f\(Z;) = fo(Z;). Furthermore, if

’ d2€1+0262

. (—b + Vb2 —4acJ
Zy>¢& ,
2a
where
q= CoMBLN
Sy + )’

N

b :CZ#'BH —TBL — o,

Yt u
¢ =—100y,

then Z;; generates a unique positive EE solution (4.7) to system (4.1).
Proof. First, note that Ry > 1 implies
N 1 ]
- >0
oty +1)  PBu +BiE(Z)
for any Z* > 0. Then we have fi(0) < 0 and £,(0) = 0. If we let

a_ez_dZ[l_i]
u | d; e’

(4.8)
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the assumption ¢;7 < d»{ gives @ < 0. Then the condition &” < 0 yields

§Z") - 2°¢(Z)
[£(Z9))?

Since f(Z*) is continuous on the interval (0, dzef fizez) with a negative left endpoint and a right endpoint

equal to zero, the two functions f;(Z*) and f,(Z") are guaranteed to have at least one intersection point
Z;, on the interval. We now proceed to show the uniqueness of this intersection. To do this, we will

fZY=a <0.

demonstrate that f,(Z*) is concave up for all points on the interval (0, dzef’fizez). The first and second
derivative of fi(Z") are given by

1
S(y+u)  OBu +BLEZ")
V(Z7) =h(Z9)[(dre) + cre2)Z" — pdy] + 2hy(Z7)(dse) + cre2),

H(Z7) =h(Z)(drer + cre2)Z" — pd>] +

] (drey + c2e7),

where
o BLE(ZN P + BLEZN) - 2B (Z))}
h(Z*) = — ,
(0B + BLEZ"))
, B (Z")
h(ZF) = }
X2 = 3By + BIEZ)

With our assumption £”(Z*) < 0, it is clear that /;(Z*) < 0. Thus, since hy(Z") > 0, we have f/"(Z*) > 0

for all Z* € (0, dzef’fizez). Since f,(Z) is a linear decreasing function passing through the origin, and

pds
’ dzel +cren

. . . * pdz
), there exists a unique point Z; € (O, e +Cm)

f1(Z") 1s negative and concave up for all Z* € (O
such that fi(Z;) = f2(Z;).

Given the existence of such a point Z;, we must also verify X* > 0. It is clear that S* > 0 from (4.7)
since £(Z*) > 0. From (4.7), it is clear that B* > 0 if and only if

oy +p
OPu + Pré(ZY)
Since Ry = W > 1, we have
5y+1) N@B+BLED)  60y+1)
N=gez =~ N~ 5000 Bnipiea
o N NGBz o0
Sytu) OB HpLEZ) (4.9)

= N-N
= 0.

Thus, B* > 0. By the same argument, we have that I* > 0 and R* > 0. Moving on, we want to
determine if it is possible for M* > 0. First, it will be helpful to solve M* = 0 for £(Z*) where M*
is defined in (4.7). After substituting for B* from (4.7), we obtain a quadratic equation in £(Z*) of the
form

M* = af*(Z") + bE(Z") + c, (4.10)
where
q= CopBLN
6y + )’

N

b :CzﬂﬁH — 1B, — o, “4.11)
Ytu
c=—-T100y
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So, in order for M* > 0, we need the Equation (4.10) to be greater than zero. First, we will attempt to
find a positive zero for the equation, as £(Z*) must be positive. This positive zero of (4.10) is given by

—b + Vb? —4ac
2a

(4.12)

since @ > 0 and ¢ < 0. Next, note that M* as a function of £(Z*) is concave up. So M* is increasing at
the zero (4.12), and hence M* > 0 whenever

.. —b+ Vb>—4ac

&Z7) > > :
or

. 1D+ Vb?—4ac

AR N .
2a

In addition, since Z; < #ﬁim , we have V* > 0. Hence, our solution point Z; determines a
unique positive EE (4 7) to the system (4 1) only if condition (4.8) holds. |

4.3. Local Bifurcation Analysis

Due to the high dimension of the full system (4.1), the stability analysis of the endemic equilibrium
is challenging. Nevertheless, we may gain some insight of the dynamical behavior near the bifurcation
point Ry = 1, based on Theorem 12 (see Appendix A). With the use of this result, we will show that a
local forward bifurcation occurs at the bifurcation point.

Theorem 8. When Ry — 1 changes from negative to positive, the DFE X, changes its stability from
stable to unstable. Furthermore, the EE becomes locally asymptotically stable.

Proof. First, we will verify condition (A1) of Theorem 12. Setting Ry = 1 and solving for the parameter
By in Equation (4.3) gives

yHi_ Bt
Bu = N 5
The Jacobian matrix A = J(X,, §},) is given by

—u -ByN 0 -BtN O 0 O]

0O BupN-y-u 0 BN O 0 O

0 0% —u 0 0O 0 O

A=10 £(0) 0O -6 0 0 O

0 0 0 0O ¢ 0 O

0 0 0 0 0 -t 0
| 0 0 0 0 0 0 -pj

It can be clearly seen that four eigenvalues of A are —u, —{, —7 and —p. The remaining three eigenvalues
can be determined from the smaller matrix

BuN—-y—-p 0 BN
B = Yy -u 0
£0) 0 -6
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After some simplification, we have

NBEO)

det(B — AI) = A-p = )6+~

).

Thus, the remaining three eigenvalues are given by —u, —(6 + w), and 0. The conditions of (A1)
are then satisfied.

Consider again the Jacobian matrix A. Denote w = (wy, wa, w3, wa, Ws, we, w7)!, a right eigenvector
of the zero eigenvalue such that

[ —pwy — B Nwa — BLNwy |
BN —y — wws + BLNw,
YW2 — uws
Aw = f(O)Wz - 5W4 =0.
—{ws
—TWeg
—pwr

Setting w4 = 1 and solving the above system gives
T

HEQ) 7 E(0) pg0)

Similarly, denote v = (vy, v2, v3, V4, Vs, Vg, V7), @ left eigenvector of the zero eigenvalue such that

—HV1
—BuNvi + By — v — Wva + yvs + £EO0)vy
—HV3
VA = —ﬁLNvl +ﬁLNV2 — 0V, =0.
—{Vvs
—TVg
—pVv7

Solving this system along with the additional condition

, (52+ﬁLNf<0)) .
“\ BLNEO)

gives

_(o 6£(0) 0 BLNE&(Q)
T 62+ BLNEO0) T 82 + BLNEO)
Now we havev-w=1, A-w=0andv-A = 0. From (A2) in Theorem 12, it follows that

—26°(y + )’
a=
UNE0)[6? + BLNE(0)]
5N
b=—>0
6% + BLNE(0)
Thus, based on Theorem 12, we have verified the conditions under which the result of the theorem
holds. =

0, 0, 0).

b
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Figure 1. A typical scenario when Ry < 1 and solutions of system (4.1) converge to the DFE.

4.4. Numerical Results

We now use numerical simulations to verify some of the analytical results concerned with the full
system (4.1). Our main goal with these simulations is to demonstrate the stability of the equilibrium
solutions relative to Ry.

First, our numerical results indicate that when R, < 1, the DFE is globally asymptotically stable.
A typical scenario is shown in Figure 1, where the S component of the solution approaches the total
population size N and all other components of the solution approach 0 over time. When Ry, > 1, the
DFE becomes unstable and there exist nontrivial multiple equilibria. Particularly, we have proven the
existence and uniqueness of the positive EE (4.7) under specific conditions. When these conditions are
not present, the positive EE may not exist. Figure 2 illustrates a scenario where Ry, > 1 and solutions
of system (4.1) converge to the boundary equilibrium (4.5). Finally, we are able to verify the existence

and local asymptotic stability of the positive EE numerically, and one such result is displayed in Figure
3.

5. Discussion

We have presented a new cholera modeling framework that involves three distinct time scales:
the slow scale for the environmental bacterial dynamics, the intermediate scale for the between-host
disease transmission, and the fast scale for the within-host pathogen interaction. Using separation of
scales, we are able to conduct a careful analysis of each sub-model (at a single scale) on its equilibria
and stabilities. We have also investigated the case when the slow-scale and intermediate-scale dynamics
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Figure 2. A typical scenario when Ry > 1 and solutions of system (4.1) approach the
boundary equilibrium (4.5).

are aggregated into one sub-model. In addition, we have conducted an analysis on the fully coupled
model where the dynamics at three different scales are linked together.

For the simpler, decoupled sub-models, we are able to employ dynamical system theory to establish
the local and global stabilities of their equilibria. Due to the high dimension of the fully coupled model,
however, fewer results have been obtained. We are able to establish the existence and uniqueness of
the positive endemic equilibrium under certain conditions, and clarify the bifurcation behavior at the
threshold point Ry = 1. The stability of the positive endemic equilibrium away from the bifurcation
point, however, remains unresolved.

Our work could provide more insight into the methodology of utilizing mathematical models for
cholera dynamics, particularly regarding model complexity and feasibility. The most straightforward
way to model cholera and investigate its public health impact is just to consider the between-host
transmission at the intermediate time scale, treating any environmental factor (such as the bacterial
concentration) as a constant input. Our study shows that even such a simple model could be useful in
generating quantitative information on disease extinction and persistence. A more accurate modeling
approach is to include both the between-host transmission and the environmental pathogen evolution
using the coupled slow-intermediate-scale model, which could effectively cover both the direct
(human-to-human) and indirect (environment-to-human) routes of cholera transmission and provide
better prediction and assessment of the disease dynamics. The cost of such a model is the increased
dimension of the system that adds analytical difficulty and the requirement for additional information
related to the environmental evolution. Finally, a full system that connects the environmental bacterial

Mathematical Biosciences and Engineering Volume 16, Issue 2, 782-812.



805

1275 ; ; : ; L1072 ; " . 7

A
12745, 11071

o m 26.5

1273 iy Yy e 1107}

0 10 20 30 40 50 0 50 100 150 200 0 10 20 30 40 50
Time (Years) Time (Years) Time (Years)

[ | I [ |

| | | | | | | | |
0 5 10 15 20 25 30 35 40 45 50
Time (Years)

T T T T 2398 T T T T
10.6 0.04 #
2396

0.035 F
2394 §

2392 - - - 0.03 - - -
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
Time (Years) Time (Years) Time (Years)

Figure 3. A typical scenario when Ry, > 1 and solutions of system (4.1) converge locally to
the positive EE (4.7).

dynamics, the between-host disease transmission and the within-host bacterial-viral-immune
interaction at all the three time scales, is the most complex way of modeling cholera, but can
potentially generate the most complete picture of cholera dynamics and yield the most accurate
prediction of the disease risk. The drawback, however, is that mathematical analysis of such a fully
coupled model is often highly challenging, if not impossible. Meanwhile, the implementation of such
a complex model demands more data (especially for the within-host dynamics) and the use of
nontrivial numerical simulation. The specific models at different scales employed in the present paper,
though relatively simple, could illustrate these points and suggest that selection of a modeling
approach for cholera (and, perhaps many other environmentally transmitted diseases) should be based
on the purpose of modeling, the availability of relevant data, the analytical tools and the
computational resources.

In our modeling framework, from both the decoupled and coupled analysis, we observe that
forward bifurcations occurs at each time scale; that is, regular threshold dynamics take place for each
sub-model as well as the entire multi-scale model. This result indicates that the standard practice of
reducing the basic reproduction number below unity would be effective for cholera control. For
example, if we use vaccination or water sanitation to weaken disease transmission and so to reduce
the basic reproduction number, or use medicine to boost the immune response of individual hosts, we
can effectively control the infection and spread of cholera. These results, however, are obtained based
on our model formulation. Our current model employs standard bilinear incidence for the infection
dynamics, and does not consider facts such as the saturation of the bacteria. Also, we assume that an
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infected individual recovers with permanent immunity and so the effect of waning immunity is not
considered. Meanwhile, the environmental pathogen evolution in our model does not include the
intrinsic growth of the bacteria. Additionally, in our within-host dynamics sub-model we have only
considered the innate immune response, and it may be more realistic to include also the adaptive
immune response into the pathogen-host interaction. When these factors are added to the model, it is
possible that more complicated dynamics, such as backward bifurcation, could appear.
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Appendix A: Stability Theorems

Here we list several theorems from the literature that are used in our proof of the stability for various
equilibria. The following result by Castillo-Chavez et al [S] is concerned with the global asymptotic
stability of a DFE.

Theorem 9. Consider a system of the form

& = F(X1, Xa),

€2 = G(X1,X,), G(X,,0)=0

where X; € R™ denotes (its components) the number of uninfected individuals and X, € R" denotes (its
components) the number of infected individuals including latent, infectious, etc; Xy = (X{,0) denotes
the DFE of the system. Also assume the conditions (H1) and (H2) below:

(H1) FordX,/dt = F(X;,0), X" is globally asymptotically stable;
(H2) G(X1,X2) = AX; = G(X1, X2), G(X1, Xp) > 0 for (X1, Xz) € ©,

where the off-diagonal elements of the Jacobian matrix A = (g—)?z)(X*,O) are all non-negative, and
Q is the region where the model makes biological sense. Then the DFE X, = (X7,0) is globally
asymptotically stable when Ry < 1.

The theorem below summarizes the main result of the geometric approach for global asymptotic
stability, originally proposed by Li and Muldowney [11].

Theorem 10. Let the map x — D from an open subset D C R" to R" be such that each solution x(t) to
the differential equation

x' = f(x) (ST)
is uniquely determined by its initial value x(0) = x,, and denote this solution by x(t, xy). Assume that
(D1) D is simply connected;

(D2) there is a compact absorbing set K C D;
(D3) x is the only equilibrium of S1.
Define
1 !
¢> = limsup sup — f H(Q(x(s, x0)))ds,

t—oo  xpeK 0
where

oft?
—AA + A AT
Q ! ox

and x — Ais a (;) X (’;) matrix-valued function. Then the unique equilibrium X is globally

asymptotically stable in D if ¢, < 0.

The result below is referred to as the Local Center Manifold Theorem [16].
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Theorem 11. Consider the system X" = f(X) where X € R". Let f € C"(E), where E is an open subset
of R" containing the origin and r > 1. Suppose that f(0) = 0 and that D f(0) has c eigenvalues with
zero real part, and s = n — c eigenvalues with negative real part. The system then can be written in
diagonal form

X' = Cx+F(x,y),
Y Py + G(x,y),

where (x,y) € IR*XIR®, C is a square matrix with c eigenvalues with zero real part, P is a square matrix
with s eigenvalues with negative real part, and F(0) = G(0) = 0, DF(0) = DG(0) = 0. Furthermore,
there exists a 6 > 0 and a function h € C"(Ns(0)), h(0) = 0, Dh(0) = O that defines the local center
manifold W¢(0) = {(x,y) € R® X R® |y = h(x) for [x| < 8} and satisfies

Dh(x)[Cx + F(x, h(x))] = Ph(x) + G(x, h(x))
for |x| < 6, and the flow on the center manifold W¢(0) is defined by the system of differential equations
X' =Cx+ F(x, h(x))

forall x € IR® with |x| < 6.

The following theorem, presented in [6], describes the local bifurcation behavior around an
equilibrium.

Theorem 12. Consider a general system of ODEs with a real parameter 3:

X =fxp); f:R'XR—>R", and feCX(R"xIR). (S2)

Assume x = X, is an equilibrium of system (S2) for all 5. Also assume

(A1) A = D.f(Xy,B) = (S—Q(Xo, ,8*)) is the linearization matrix of system (S2) at the equilibrium
x = Xo with B evaluated at B*. Zero is a simple eigenvalue of A and all other eigenvalues of A

have negative real parts.

(A2) Matrix A has a right eigenvector w and a left eigenvector v corresponding to the zero
eigenvalue.

Let fi be the kth component of f and,

n 82
a= vkw,-wj—fk(Xo,,B*) ;
- 0x,0x;
k,i,j=1
b= Z VkWi—fk(Xo,,B*)-

axiaﬁ

k=1

The local dynamics of the system (S2) around x = X are totally determined by a and b.
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1.a>0,b>0. WhenpB—pB" < 0with |8 -8 < 1, x = Xy is locally asymptotically stable, and
there exists a positive unstable equilibrium; when 0 < - 3" < 1, x = X is unstable and there
exists a negative and locally asymptotically stable equilibrium;

2.a<0,b<0. When B - " < Owith |8 - | < 1, x = Xy is unstable; when 0 < - 3" < 1,
x = Xy is locally asymptotically stable, and there exists a positive unstable equilibrium;

3.a>0,b<0. When B —-B" < 0 with |8 - °| < 1, x = X is unstable, and there exists a locally
asymptotically stable negative equilibrium; when 0 < g — " < 1, x = X is stable, and a
positive unstable equilibrium appears,

4. a <0, b >0. When B — B* changes from negative to positive, x = X, changes its stability from
stable to unstable. Correspondingly a negative unstable equilibrium becomes positive and
locally asymptotically stable.

Appendix B: Trivial Equilibrium of Fast-Scale System

We consider the solution of the fast-scale system (2.2) specifically when Rg = B/t = 1. Setting
B = é, the original system reduces to the following:

dZ ¢t

@ _ Ny _amMz-¢7,

dt C)

dv

— =—d,MV S3
dt SRR (53
am

E :€1MZ+€2MV—pM.

Below we apply the Local Center Manifold Theorem (see Theorem 11 in Appendix A) to investigate
the stability of the trivial equilibrium (0,0,0). The system can be decomposed into its linear and
nonlinear components in the following way:

where
- L 0 -diMZ
A=10 0 O and F = -, MV .
O 0 —p e\MZ + e MV

We proceed to decouple the variables by using the three eigenvalues 4y = =, 4, = 0 and 43 = —p, and
the corresponding eigenvector matrix

c1T

o =]
— o O

1
P'=10
0
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Let Y = P(Z,V, M)" denote the transformed solution vector. We have

Z - %V )’1
Y= %4 =|x].

M Y2

The decoupled system is then given by ‘% =JY + PF, or

ay | —diy1)2
— = + —dyyox

dt !

—py2]  [yey + 57 + e2]w)

Simplifying the above expression gives

dY =yi({ +dyy>)

—_— = —dzyzx .
cieit

yaewyr + [57 +exlx—p)

We can separate the above system into two parts

d d
d—)tC:Cx+F(x,y) d—);:Py+G(x,y)
where y = [y}, y,]” and
C =0, F(x,y) = — dayax,
-{ 0 —d1y1y2
P= ) G ) = cleit .
[0 o O = ey +1 oF T el

We now use a series expansion to represent y as a function of x:

a6+

- [a2x2 + b x>+ .| (54)

y = h(x) = [hl(X)]

ha(x)

Then y = h(x) defines a local center manifold for the original system. By differentiation with the chain
rule we know that Dh(x)[Cx + F(x, h(x))] = Ph(x) + G(x, h(x)), where

_ 2611X + ... 7
Dh(x)[Cx + F(x, h(x))] = [2a2x L [—drx(arx™ + ...)],
(@1 x* + . +di(ax* +..)) (55)
_ —\¢1 1\ads
Ph(x) + G(x, h(x)) = [(azxz +.)e(ai x> +..) + [% +ey]x — p]] :
When equating the second rows of the two equations, we obtain
2 2 3 2 3 2 cer
—dhxRarx + 3byx” + .. )(arx” + brox” + ..) = (arx” + byx” + ...)[el(alx +..)+ +e|x— p].
%)
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The above equation is only satisfied when a, = b, = --- = 0; i.e., hy(x) = 0. This can be seen by noting
the constant —p on the right, as there is no possibility of a constant term on the left. When /,(x) = 0,
we must also have /;(x) = 0 by Equation (S5). Thus, we have h(x) = 0, and

dx
I = F(x, (h(x)) = 0. (S6)

According to the Center Manifold Theorem 11, the flow on the center manifold is locally described
by Equation (S6). Thus, the trivial equilibrium solution is (Lyapunov) stable, but not asymptotically

stable, when Rf, = 1.
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