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In this paper, we present several new results to the classical Floquet theory on
the study of differential equations with periodic coefficients. For linear periodic
systems, the Floquet exponents can be directly calculated when the coefficient
matrices are triangular. Meanwhile, the Floquet exponents are eigenvalues of
the integral average of the coefficient matrices when they commute with their
antiderivative matrices. For the stability analysis of constant and nontrivial peri-
odic solutions of nonlinear differential equations, we derive a few results based on
linearization. We also briefly discuss the properties of Floquet exponents for delay
linear periodic systems. To demonstrate the application of these analytical results,
we consider a new cholera epidemic model with phage dynamics and seasonality
incorporated. We conduct mathematical analysis and numerical simulation to the
model with several periodic parameters.
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1. Introduction

Floquet theory [1] is concerned with the study of the linear stability of differential equations
with periodic coefficients. A focus of this theory is the concept of Floquet exponents which
are analogous to the eigenvalues of the variational (Jacobian) matrices at equilibrium points.
The framework of Floquet theory offers a powerful means to analyze nonautonomous,
periodic differential equations. However, the problem of determining the Floquet expo-
nents of general linear periodic systems is difficult.[2] Except for a few special cases,
which include second-order scalar equations and systems of Hamiltonian type or canonical
forms, very little is known on the analysis of Floquet exponents. Nevertheless, we mention
that there have been several numerical studies on the calculation of Floquet multipliers,
such as using the time domain methods [3,4] and the frequency domain methods.[5,6]
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In addition, although the dichotomy has been an important concept in stability analysis
of nonautonomous systems,[7] Floquet exponents still play a central role in the study of
periodic nonautonomous systems.

The present paper aims to make contribution toward partially overcoming the challenge
of analyzing Floquet exponents. We prove several properties of linear periodic systems that
can facilitate the analysis of Floquet exponents. For example, when the coefficient matrices
commute with their antiderivative matrices, the Floquet exponents are eigenvalues of the
integral average of the coefficient matrices. Another useful property we find is that the
Floquet exponents can be directly computed from diagonal entries when the coefficient
matrices are triangular.

For anonlinear nonautonomous periodic system, if it has a nonconstant periodic solution,
its stability can be analyzed by linearization about the periodic solution. The variational
system then becomes a linear periodic system, and its Floquet exponents provide useful
information on the stability of the periodic solution. We apply our findings in Floquet theory
to such studies, and present easy-to-check properties for the stability of periodic solutions.
In addition, we briefly discuss delay linear periodic systems. Generally, such a system has
(countably) infinitely many Floquet exponents, and it is impossible to explicitly calculate
all the Floquet exponents. Nevertheless, when the coefficient matrices are triangular, we
can present clear relationship between Floquet exponents of a delay linear periodic system
and those of the corresponding nondelay system. This is useful for comparison of the delay
effects.

This work is motivated by the study of deterministic (i.e. differential equation based)
epidemic models with seasonal oscillations. Currently, most epidemic models in literature
assume the system parameters (i.e. those coefficients typically representing various rates
related to disease transmission) are constants, which leads to simplified dynamics. Stabil-
ity analysis of such dynamical systems has been extensively conducted and has become
standard practice for prototype models such as SIS, SIR, and SEIR.[8-10] Practically,
however, seasonal variations and climatic events may have significant impacts on the
disease transmission rates. Hence, these parameters may vary with time and exhibit periodic
oscillations, which directly affect the system dynamics. It is thus important to investigate
these models with time-periodic parameters to improve our understanding of the complex
mechanism in the initiation and spread of infectious diseases.

As a specific application of our findings in Floquet theory, we study the mathematical
modeling of cholera, an infectious disease characterized by severe diarrhea and caused by
the bacterium Vibrio cholerae in contaminated water and food. Cyclical pattern of cholera
outbreaks in time has long been observed.[11-13] We propose a new cholera epidemic model
in this paper which incorporates the bacteria-phage interaction and seasonal variation. We
then apply our results in Floquet theory to analyze this periodic model with several time-
periodic parameters. Numerical simulation results are also presented to verify the analytical
predictions.

In what follows, we will first present a brief review of Floquet theory and highlight
several new results in Section 2. In Section 3, we will apply our findings to analyze the
new cholera model in periodic environments. Finally, we conclude the paper with some
discussion.
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2. Floquet theory
2.1. Linear periodic systems

Floquet exponents or characteristic multipliers (see Definition 2.1) are defined in terms
of a fundamental matrix solution of nonautonomous linear systems. The difficulty is how
to determine the Floquet exponents without knowing explicit solutions. In fact, for most
nonautonomous linear systems, analytical solutions in explicit form are impossible to obtain.
In this section, we shall recall the Floquet theorem and related basic properties. We then
give the formulae to compute Floquet exponents directly for two types of linear periodic
systems without knowing their solutions. When the coefficient matrix A(¢) commutes with
its antiderivative matrix f(; A(t)dr, the Floquet exponents of the system X = A(1)X are
eigenvalues of a constant matrix. When A(¢) is a triangular matrix, the Floquet exponents
of the system X = A(1)X can be computed by the diagonal entries of A(?).
Consider the homogeneous linear periodic system

X=AMNX, AGt+w)=A@l), w=>0, XeR" (1)

where A(?) is a continuous n x n real matrix-valued function of #. For completeness, we
briefly review the Floquet theorem and some basic properties below. For more details of
Floquet theory, we refer to [2,14—16].

It will help our discussion by first introducing the concept of matrix logarithm. For a
square matrix A, if the absolute values of its eigenvalues are less than 1, we can define
log(I + A) = >0% (=] ATH, where [ is the identity matrix. The series is convergent.
By substitution, it is easy to verify that e = I 4+ A, where B = Z;’;l(—l)’”‘l%". For
a nonsingular square matrix M, denote its eigenvalue with the maximum absolute value
by p(M). If all the eigenvalues have the same sign, we define log M = (log p(M))I +
log(1+ W). Itis also easy to see log(P_1 MP)= P~} (log M) P for any nonsingular
matrix P, and log(M; & M») = log M| & log M> provided that log M; and log M> are
defined. If the eigenvalues of M have different signs, there exists a nonsingular matrix P

M; 0O
—1 o 1
such that P""MP = 0 M

have the same sign. Hence, log M can be defined for any nonsingular matrix. By this
definition, we have log M = R + «/—1(Argp (M) + 2kx)1 for a given nonsingular matrix
M, where R is a real matrix. Thus, log M is not unique, and these log M’s may differ by
2k ~/—11I, where k is an integer. However, if M is a nonsingular positive matrix or has a
positive p(M), and log M is required to be a real matrix, then log M is uniquely determined.

= M @& M> and the eigenvalues of each factor matrix

Tueorem 2.1 [1]  Every fundamental matrix solution ®(t) of the system (1) has the
Sform
D(1) = P(1)eP!

where P(t), B are n x n matrices, P(t + w) = P(t) for all t, and B is a constant matrix.

CoroLLARY 2.1 [17]  There exists a nonsingular periodic transformation of variables
which transforms the system (1) into a system with constant coefficients. Actually if X =
P(1)Y, then the system (1) becomes Y = BY.

Definition 2.1 A monodromy matrix of the system (1) is a nonsingular matrix C associated
with a fundamental matrix solution @ (¢) of the system (1) through the relation ® (¢t + w) =
®(t)C. The eigenvalues of a monodromy matrix are called the characteristic multipliers of



Downloaded by [Old Dominion University], [Jin Wang] at 08:50 09 June 2014

4 J.P. Tian and J. Wang

the system (1) and the eigenvalues of % log C are called characteristic exponents or Floquet
exponents of the system (1).

For different fundamental matrix solutions of the same linear system, the monodromy
matrices associated with them are similar to each other. Thus, the characteristic multipliers
are unique, and the real parts of the Floquet exponents are also uniquely defined.

Theorem 2.1 states that any solution of the system (1) is a linear combination of functions
of the form p(t)e“, where p(t) is a periodic function. Furthermore, Lemma 2.1 in the
following states the condition when a complex number can be a Floquet exponent, whereas
Lemma 2.2 gives a relation between the sum of all Floquet exponents and the trace of the
coefficient matrix of the system (1).

LemMa 2.1 A complex number X is a Floquet exponent of the system (1) if and only if
there is a nontrivial solution of the system (1) of the form p(t)e)" where p(t + w) = p(1).
Particularly, there is a periodic solution of the system (1) of period w (or 2w) if and only if
there is a characteristic multiplier p = 1 (or —1).

Lemma 2.2 Ifp; = i, j =1,2,---, n, are the characteristic multipliers of the system
(1), then

l_[ pj = exp (/ trA(s)ds> ,
j=1 0

1 [« 2mi
ZAJ- = —/ trA(s)ds (mod—) .
w Jo w

J=0

Essentially, Floquet theory converts the study of stability of the trivial solution of the
system (1) to a linear system with constant coefficients, ¥ = BY. The following theorem
provides details about the stability of the system (1) in terms of Floquet exponents. For
reference, we refer to Theorem 7.1 on page 120 of Hale’s book [2].

THEOREM 2.2 (i) A necessary and sufficient condition that the system (1) is uniformly
stable is that the characteristic multipliers of the system (1) have modulii < 1 (the Floquet
exponents have real parts < 0) and the ones with modulii = 1 (the Floquet exponents with
real parts = 0) have multiplicity 1. (ii) A necessary and sufficient condition that the system
(1) is uniformly asymptotically stable is that all characteristic multipliers of the system (1)
have modulii < 1 (all Floquet exponents have real parts < 0).

At first glance, it might appear that linear periodic systems share the same simplicity
as linear systems with constant coefficients. However, there is an important difference —
the characteristic multipliers or Floquet exponents are defined based on the solutions of the
system (1), and there is no obvious relation between Floquet exponents and the matrix A(?).
Below, for two types of coefficient matrices A(¢), we give formulae for directly computing
their Floquets without solving the differential equations.

Suppose A(t) is a real and differentiable matrix function of 7. When %A(t) =

A(t) dﬁ;t) , where the derivative is taken entry-wise, we define
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1 1
AV =T+ A0+ A+ A O+

It is easy to check that %eA(’) = eA(’)% = %e“\m.

THEOREM 2.3  Given the homogeneous linear periodic system X = ADX, At + w) =
A@). If A®t) [y A(D)dt = (fy A()dT)A(t), then a monodromy matrix is given by C =
exp( f?w A(t)dt), and the Floquet exponents can be selected as the eigenvalues of the matrix
= fow A(t)dt.
Proof Since A(t) fot A(t)dt = (fot A(t)dT)A(t), the matrix function ®(t) =
exp(fot A(t)d7) is well-defined. It also implies [y A()dt fé A(t)dt = (fot A(tydr) [y
A(t)dt. Then det ®(¢) # O for + > 0. The set of column vectors of ®(¢) are linearly
independent. Since &(t) = A(t)®(¢), @ (1) is a fundamental matrix solutionof X = A(1)X.

D+ ) = e 5T Amydr _ e/g A, 1T A(nyde
— elo AT [ A()dr

— d(1)C.
where C = elo’ ANl — (B and B — éfow A(t)dt. O

For a diagonal matrix A(z), it commutes with its antiderivative matrix. So we have the
following corollary.

CoroLLARY 2.2 If A(t) is a diagonal matrix, A(t) = diag{a|(t), ax(t), - - -, an(t)}, the
Floquet exponents are given by é Jo a1 (t)dt, i Jo ax()dt, - - -, éfow a, (t)dt.

When the system is two-dimensional, there are a few special cases for which the matrix
function commutes with its antiderivative.

ax (1) ax(r)
following conditions is satisfied, then A(t) f(; A(t)dt = (fé A(T)dT)A(L).

CoroLLARY 2.3 For a2 x 2 matrix function A(t) = (a“(t) au(t)), if one of the

(1) a1z(t) and ar (t) both are nonzero constants, and ay1(t) — axy(t) is a constant.
(ii) a1 (t) = axn(t) are constant, and aj»(t) fé ar1(s)ds = ay; (t) fé aya(s)ds.
>iii)  A(?) is a constant matrix.

Proof Denote a;; = a;j(t) and a;; = fot ajj(s)ds. To ensure A(t)f(; A(n)dt =
( fé A(t)dt)A(t), we have the following sufficient and necessary conditions:

(1) ajppazy = ayany,
(2) anaz +anaxy = anaiz + appa,
(3) anaz + aipax = aaz + aaz.

We can then easily verify each case. When A(¢) is a constant matrix, it is straightforward to
see the three commutative conditions are satisfied. When a5 (¢) and ay; (¢) both are nonzero
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constants, the commutative condition (1) holds. The condition (2) becomes (a1 —a2p)ajzt =

(a11 — a»y)air. Then we have (aj; — axn)t = fot (a11 — azy)ds, which implies aj; — an is
a constant. Conversely, if a1 (t) — azy(¢) is a constant, the commutative conditions (2) and
(3) both hold. Case (ii) can be directly verified in a similar way. O

We can also establish the following result on two-dimensional linear periodic systems.

THEOREM 2.4 Given X = ANX, A(t + w) = A(t), where
A() = (—an(t) ayp (1) )

az1(t) —ax(t)

and a;j(t) > 0 (i, j = 1,2). Then, its characteristic multipliers are distinct and positive
real numbers, and its Floquet exponents can be selected as real numbers whose sum is
negative.

Proof Denote the fundamental matrix solution of the given system by & (¢) with ®(0) = 1.
We will first show that each entry of ®(¢) is positive for t € (0, w].

Since the off diagonal entries of A(t) are positive, we may choose a y so that each entry
of the matrix A(#) + y I is positive for ¢ € (0, w]. If W (¢) = ®(t)exp(yt), then

V()= (A +yDHY (@), W(0) =1,

so that .
vi)y=1 +/ (A(s) + y DY (s)ds. 2)
0

Let N be a positive integer such that § maxse(o,w) |A(s) +y | < 1. Then we apply the
method of successive approximation to the matrix sequence Wy (7) = 1,

t
V() =1 +[ (AGs) +yDV¥,(s)ds, n=0,1,2,---,
0

which tends uniformly to W (¢) on (0, %]. By mathematical induction, every entry of W,, (¢)
is positive,n = 0, 1, 2, - - - . Hence, the same is true for the limit W (¢). Therefore, each entry
of ®(r) = W(r)exp(—yt) is strictly positive. Repeating this procedure on [ka. W],
k =1,2,---, N — 1, and replacing the initial value I in (2) by \Il(kw“’), we obtain the
positivity of each entry of ®(¢) on [0, w].

For the positive matrix ® (w), which is a monodromy of the system, Perron’s Theorem
[18] states that it has a simple positive eigenvalue which is strictly greater than the other
eigenvalue and has a corresponding eigenvector with positive components. Denoting the
characteristic multipliers by p; and p>, then

w

p1p2 = det(®(w)) = exp/ TrA(t)dt > 0,
0

and we see that both p; and p; are positive real numbers. Hence, the two Floquet exponents
A1 and A, can be selected as real numbers, and

1 w
At A= —5/ (an (t) +axn(t))dt <0,
0

since a1 (f) and ap,(t) are positive functions. O



Downloaded by [Old Dominion University], [Jin Wang] at 08:50 09 June 2014

Applicable Analysis 7

Next, we turn to the discussion of linear periodic systems with a triangular matrix A(z),
and we show that the Floquet exponents can be directly calculated. We state this result for
lower triangular matrix functions. Similarly, the result holds for upper triangular matrix
functions. We also assume that A(¢) is a continuos matrix function in what follows.

THEOREM 2.5 If A(¢) is a periodic lower triangular matrix function

ar (1) 0 v 0
ax (1) axn@) --- 0
an1(t) apa(t) -+ apy(t)
then the characteristic multipliers of the system X = A(t)X are given by exp(fow ay(t)dt),
exp(fow an()dt), ---, exp(fow ann (1)dt), and a set of its Floquet exponents are given by
1 [® 1 [ 1 [
oo < [Canwar e
w Jo w Jo w Jo

Proof We will use the variation-of-constants formula to compute a monodromy matrix.
Writing X = A(#)X in scalar form, we have

X1 = an@)xi,
X2 = a1 ()x1 + axn(t)x2,
Xp = an1 (O)x1 +app(t)x2 + -+ - + apn (1) x,.

1
We can see the first component of a solution to the system is xl1 () = eJoan(@dt with
xll (0) = 1. Using the variation-of-constants formula, one has

t ! S
le ) = eJo an(mdr / ar (s)e_fO “22(f)drx11 (s)ds
0

with le (0) = 0. Generally,

, [k=1
x,} ) = elo a(s)ds / Zakj(s)x} (s) el aw@dTgg g =23,.-. n.
j=1
Putting them together as a column vector, we obtain a solution to the system (1), denoted
by X'(1).
Then, we compute a second solution with the first component x; = x12 (r) = 0. Similarly,
we solve the system one by one, getting x% (1) = elo an (Mt and

1 1 S
x32(t) = ehoan@dr / an(s)e” Jo a33(r)drx§(s)ds,
0

and xf(t), e x,%(t). Putting them together as a column vector, we obtain a second solution
to the system (1), denoted by X 2(r).

Next, we calculate a third solution with x; = xf’(t) =X = xg (t) = 0. Using the same
method described above, we solve for x3, x4, - - -, x,,, and denote these components by x% (1),
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xi(t), S x;? (t). Putting them together as a column vector, we obtain another solution to
the system (1), denoted by X3(1).

Repeating this procedure, we obtain a set of linearly independent solutions X! (¢), - - - ,
X"(t), which form a fundamental solution matrix ®(t) = (X'(r), X2(1), - - -, X"(¢)). It
is easy to check that ®(0) = [ and ®(¢) is a lower triangular matrix. The diagonal
entries of ®(¢) are given by exp(fot ay (s)ds), exp(fot ar(s)ds), - - -, exp(fot A (8)ds).
By the definition of a monodromy matrix, ® (¢t + w) = ®(¢)C, and the monodromy matrix
C must be a lower triangular matrix. The diagonal entries of C are exp( fow aii(s)ds),
exp( [y axn(s)ds), - -+, exp(fy’ ann(s)ds), which are the characteristic multipliers. Then the
Floquet exponents are given by if;) ay (Hdt, ifow arn(t)dt, - - -, éfo‘” pp (1)dt. O

From the proof of Theorem 2.5, we have the following two corollaries.

CoroLLARY 2.4 If A(t) is a periodic triangular matrix, then the Floquet exponents of
the system X = A(t)X can be represented by real numbers.

CoROLLARY 2.5 IfA(¢) is a periodic block triangular matrix, then the system X = A(1)X
has a block triangular monodromy matrix.

Denote A; = %fow aii(t)dt, i = 1,2,- - -, n. Define periodic functions p;(t) =
eftf(”“(s)’)‘i )ds, i =1,2,---, n. Suppose there are n different Floquet exponents; namely,
each Floquet exponent has multiplicity 1. Form vector-valued periodic functions Vi (¢) =
(p1(0), p21(1), -+, pp1 (1)), Va(t) = (0, p2(2), -+, pn2(1)), -+, Va(t) = (0,0, ---,0, pu(2)),
where p;;(t), i # j are some periodic functions. These vector-valued functions are con-
sidered as column vectors. As in the proof of Theorem 2.5, denote B = log C, then B is
a lower triangular matrix. Since the fundamental matrix solution ®(#) is lower triangular,
then ®(r)e= 8" = P(¢) is also lower triangular. The diagonal entries of P(t) are p;(t)’s.
Thus, we have a proposition about the solutions of triangular systems.

ProposiTioN 2.1 Let X = A(t)X, where A(t) is a periodic lower triangular matrix.
Then any solution of this system can be expressed in the form

ki (DM Vi(0) + ko (D)X Vo) + - - - + kn (D) V, (1),
where ki (t)’s,i = 1,2, -, n, are periodic functions which are related to initial conditions.

Itis well known that there exists a periodic solution if and only if some Floquet exponent
has zero real part. For a triangular system, one can have more concrete conclusions about its
periodic solutions as stated by the following proposition. We give a different proof instead
of considering it as a corollary. By triangular systems, we mean their coefficient matrix A(z)
is triangular.

PropOSITION 2.2 Let X = A(t)X, where A(t) is a periodic lower triangular matrix
function of dimension n x n. Consider the following n integrals:

19}
/ ajj(t)dt, j=1,2,~~-,n.
0
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If there is only one integral fow a;i (t)dt = 0, then the system has one family of periodic
solutions. If there are k integrals fow ajj(t)dt = 0, then the system has at most k families
of linearly independent periodic solutions.

Proof Suppose there is only one integral fow aji (t)dt = 0. Set initial values for the first
i — 1 components tobe x;(0) = 0for j =1,2,---,i — 1. Itis easy to obtain that x; (1) = 0
for j =1,2,---,i — 1. The ith component is x; () = ,Befé jj )45 \hich is periodic. Now
the system is reduced to n — i dimensional nonhomogeneous periodic system with a periodic
forcing term

Xip1(t) = A1 (D Xiv1 + a1 (DX (1),

where X;1(¢) is the column vector obtained from X (¢) by deleting the first i components,
Ai+1(t) is the (n — i) x (n — i) matrix obtained from A(¢) by deleting the first i rows and
the first i columns, and a;41(¢) is a column vector obtained from the ith column of A(z)
by deleting its first i components. Let ®;4(¢) be the fundamental matrix solution of the
reduced system Xi+l () = Ai1(0) X+ with®;41(0) = I.Then ®; () = Pi1 (t)eB"“l,
where P;11(¢) and B;4 are for the reduced system. By the variation-of-constants formula,
any solution can be expressed as:

t
Xi1() = i1 (0 Xi110) + b1 1) /0 7], (a1 (5)xi (5)ds.

For a periodic solution, it has to satisfy X;;1(®w) = X;4+1(0). Then we have
w
fo o7 (a1 (Dx; (Ddi = (751 = 1)X;11(0).

Since there is no zero Floquet for the reduced system, det(e~5i+1¥ — I) = 0. There is a
unique solution to the initial value X;(0) for each x;(¢) = ,Befot ajj$)ds Therefore, there
is only one family of periodic solutions parameterized by f.

When there are k integrals [y a;;(t)dt = 0, let the fundamental matrix solution be
O(1) = P(t)e?. Changing variable X (¢) = P(t)Y (¢), the system is transformed to the
system Y (t) = BY (¢). Any periodic solution of this transformed system will result in a
periodic solution of the original system. Since B has an eigenvalue with zero real part with
the algebraic multiplicity k, the geometric multiplicity of this eigenvalue is equal to or less
than k. Then the number of linearly independent periodic solutions to Y (t) = BY (1) is at
most k. Therefore, the system X = A(#)X has at most k families of linearly independent
periodic solutions. O

From the proof of Proposition 2.2, one obtains a corollary on the existence of periodic
solutions to periodically forced triangular systems.

COROLLARY 2.6 Let X = A(t)X + F(t), where A(t) is a continuous lower triangular
matrix function, F(t) is a continuous vector function, and A(t + w) = A(t), F(t + w) =
F (t). A necessary and sufficient condition in order that for any F (t) the system has periodic
solutions of period w is fow ajjt)dt =0, j =1,2,-- -, n. When the system has periodic
solutions, it has a unique periodic solution.
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CorROLLARY 2.7 Let X = A(t)X, where A(t) is a continuous lower triangular matrix
function. If there is some f(;” aii(t)dt > 0, then the solution X = 0 is unstable. If all
f(;v a;i(t)ydt <0,i =1,2,---, n, then the solution X = 0 is uniformly asymptotically stable.
If there are k(< n) integrals fow a;i(t)dt = 0, and all other integrals fow ajj(t)dt <O, then
the system is uniformly stable.

In addition, we briefly discuss the following two types of problems associated with
linear periodic systems. )
Adjoint systems  Given a system X = A(t) X, its adjoint system is defined by

Y =-YAQ), 3)

where Y is a row vector. It is known that Y (¢) - X (¢) is a constant when X (¢) and Y (¢) are
solutions of the system X = A(t)X and its adjoint system, respectively.[19] When A(¢) is a
lower triangular matrix function, denote the matrix obtained from A(¢) by deleting the last
n — i columns and the last n — i rows by Al (p). By Theorem 3.2 in [19] on the existence of
periodic solutions to a nonhomogeneous linear system, we have the following result.

THEOREM 2.6 Consider the nonhomogeneous triangular linear system X = AOX +
F(t), where A(t + w) = A(t) and F(t + w) = F(t). Suppose there is only one integer i
such that [ ai;(t)dt = 0. If [ Yi(t)Fi(t)dt = 0, where Y (1) is a nonconstant periodic
solution of the adjoint subsystem Y' = —Y"'A'(t) and F'(t) is the vector function consisting
of the first i components of F(t), then this system has a periodic solution of period w.

Proof Since fow a;;(Hdt = 0, the homogeneous system X = A()X) has periodic
solutions, and the adjoint system ¥ = —Y A(¢) also has periodic solutions. The space
of periodic solutions is of dimension 1. From the proof of Proposition (2.2), the last n — i
components of any periodic solution to the adjoint system are zero, and we only need to

consider the subsystem Yi = —Y'Al(t). The space of periodic solutions to this subsystem is
also of dimension 1. Hence, the orthogonal condition is verified by any nonconstant periodic
solution of the subsystem. O

Small periodic perturbations We consider a system of the form X = AX + e¢(1)X,
where ¢ is a small parameter, A is a constant matrix and X is a vector of dimension >2.
It is difficult to analyze such a system in general. However, if A(f) is a triangular periodic
matrix, and ¢ (¢) is also a periodic matrix function, we have a basic stability theorem below.

THEOREM 2.7 Let X = A X + ep(t)X, where A(t) is a continuous lower triangular
matrix function, A(t + w) = A(t), and ¢ (t) is continuous, ¢ (t + w) = ¢(t), € is a small
parameter. If all integrals fow aii(t)dt <0,i =1,2,---,n, then there is ¢y > 0 such that
for all number € with |e| < &, the trivial solution of this system is asymptotically stable. If
there is at least one integral fow ajj(t)dt > 0, then the trivial solution is unstable.

Proof Consider the Floquet exponent ; of the given system as a single-valued continuous
function of the parameter ¢, A; (¢). Then A; (0) = i fow a;i (t)dt, where w > 0 is the smallest
positive period. When all % fow a;i (t)dt < 0, by the continuity argument, there exists g9 > 0
such that all real parts of the Floquet exponents R(A;(¢)) < O for |¢| < g9. The asymptotic
stability follows Theorem 2.2.
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Similarly, if some integral foa’ ajj(t)dt > 0, then there is &g > 0 such that the real part
of Floquet exponents R(X;(g)) > O for |¢| < &g. Then the system is unstable. O

2.2. Nonlinear periodic systems

Now we conduct some analysis on nonlinear periodic systems. We first look at the trivial
equilibrium solution X = 0, and discuss the relationship between the stability of the
nonlinear system at X = 0 and that of its linearized counterpart. By a translation of
coordinates, the result can be certainly applied to any constant equilibrium solution.
Consider the system
X =AMNX+ F(1, X), (4)

where A(t) is an n x n continuous matrix function, and F (¢, X) is continuous in  and X
and Lipschitz-continuous in X for all # € R and X in a neighborhood of X = 0. Moreover,

we assume
|F(t, X)|

IX|—-0 |X
Note that the condition in (5) implies that X = 0 is a solution to system (4). Then we
have the following theorem on the behavior of the trivial solution X = 0. This result is an
extended version of Theorem 2.4 in [2] or Theorem 7.2 in [16].

=0 uniformly in ¢. 5)

TueoreEM 2.8 Ifthe trivial solution X = 0 of the system X = A(t)X is uniformly asymp-
totically stable for t > 0, then the trivial solution of (4) is also uniformly asymptotically
stable. If the trivial solution X = 0 of the system X = A(1)X is unstable, then the trivial
solution of (4) is also unstable.

Next, we discuss the stability of a nonconstant periodic solution to a nonlinear periodic
system. Consider

X=F@X), Fl+w X)=F X), t€R, XeQ, (6)

where F € CI(R x €, R™), @ is an open and connected subset of R”. Assuming that
a periodic solution to the system (6) exists, we would like to know the stability of the
periodic solution. One standard way to achieve this is to linearize the system at the periodic
solution. Suppose p(t) : R — € is a nonconstant periodic solution of the nonlinear
system (6) with period w. One has the variational system, Y =D x F(t, p(t))Y, which
is a linear periodic system. Then the Floquet exponents of the variational system will be
indicators for the stability of the periodic solution p(¢) of the nonlinear system (6). In order
to use our findings in Floquet theory, we consider a special case; i.e. nonlinear triangular
systems. Write F(t, X) = (F1(t, X), F>(t, X), - - -, F, (¢, X)7T, and assume Fi(t, X) =
Fi(t,x1), F2(t, X) = Fo(t, x1,x2), - - -, F(t, X) = F,(t, x1, x2, - - -, x;,). We then study
the stability of the periodic solution p(¢) by linearizing the system at the solution p(z). Set
Y = X — p(t), then Y + p(t) = F(t,Y 4+ p(t)). Since p(t) = F(t, p(t)), the system
becomes ¥ = F(¢, Y + p(t)) — F(t, p(t)), which can be expanded as

Y = DxF(t, p)Y +o(|Y .
The variational system with respect to the solution p(t) is

Y = A(r)Y,
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where A(t) = DxF(t, p(¢)). Our assumptlons 1mply that A(¢) is a continuous lower
triangular matrix function with period w, and OI YD tends to zero as ¥ — 0 uniformly
in ¢. Thus, the local stability of the periodic solution p(t) to the nonlinear system (6) can
be determined by this linearization. We have the following theorem.

THEOREM 2.9 Iffw oL L, p(t))dt < Ofori =1, 2,---, n, then the periodic solution
x = p(t) of the nonlmear system (6) is uniformly asymptotically stable; if there is at least
one fo 3x’ (t, p(t))dt > 0, then the periodic solution x = p(t) is unstable.

Proof By Theorem 4.2.1 in [20], the periodic solution is uniformly asymptotically stable
when every Floquet exponent has negative real part. By Theorem 2.5, when all the integrals
fw 9k (t p(t))dt <O0fori =1, 2,---, n, each Floquet exponent has negative real part.

Hence, the first part of the Theorem is verified. When some integral fo‘” g% (t, p(t))dt > 0,
the corresponding Floquet exponent has positive real part. By Theorem 4.2.1 in [20], the
periodic solution is unstable. [l

In particular, when the nonlinear system (6) is autonomous,
X = F(X), (7)

the analysis can be simplified and the stability of periodic solutions can be investigated by
the stability of the fixed points of Poincaré map. Let X = p(¢) be a periodic solution to the
system (7) with X9 = p(0) and period w, and P,(X) be the Poincaré map at X, where X
is a fixed point of the Poincaré map that corresponds to the periodic solution X = p(z).
The local stability of the periodic solution X = p(¢) will be determined by the eigenvalues
of the derivative of the Poincaré map P,(X) at X(. Specifically, let the derivative of F(X)
along the periodic solution p(¢) be DF (p(t)). Then DF (p(t)) is a periodic function of ¢.
Consider the linear system

X = DF(p(1)X. (8)

By the Floquet Theorem 2.1, the fundamental matrix solution is ® () = P (t)e®’. There is
one Floquet exponent that is zero since X = p(t) is a periodic solution of the linear system
(8). Define the matrix

H(t, X) = D¢:(X),
which satisfies
o0H(t, X)
Jt

where ¢;(X) = ¢ (¢, X) is the flow of the system (7) and p(¢) = ¢,;(Xo). When X = X,
the function ®(r) = H(t, X) satisfies

=DF(¢,(X)H(t, X),

d(t) = DF(p(1) (1),

and ®(0) = I. Therefore,
H(1, Xo) = P(1)e"",

and
H(w, Xo) = ¢
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On the other hand, the derivative of the Poincaré map DP,(Xp)isa (n — 1) x (n — 1)
matrix obtained from H (w, X¢) by deleting one column and one row which correspond to
the eigenvalue 1. For more details, we refer to Theorem 2 on page 223 in [21]. When the
system (7) is triangular, namely F(X) = (Fi(x1), Fa(x1, x2), -+, Fp(x1, x2, - ~xn))T, it is
clear to see that DF (p(t)) is a lower triangular matrix function. By Theorem 2.5, we can
easily compute the eigenvalues of the derivative of the Poincaré map P,(X) at Xo. They
are given in the following corollary. Using this information, we can easily construct stable,
unstable and center manifolds for periodic orbits of autonomous triangular systems.

CoroLLARY 2.8 Suppose the system (7) is triangular, which has a periodic solution X =
p(t) with Xo = p(0) and period w. Let P,(X) be the Poincaré map at Xo. Then, the

. OF; . .
characteristic exponents of p(t) are \; = éfow o (p(dt, j =1,2,-- -, n, and there is
J
at least one zero characteristic exponent; the eigenvalues of the derivative of the Poincaré
map Py(X) are e*i®, where j = 1,2, - - -, n except for one index corresponding to the zero

characteristic exponent.

2.3. Delay linear periodic systems

We now extend our analysis to systems of delay differential equations. There is a theory
of delay linear periodic systems that is analogous to the Floquet theory for linear ordinary
differential equations. One interesting question one may ask is how the Floquet exponents
for both delay and nondelay linear systems are related when both share the same peri-
odic coefficients. We will explore this question when the coefficient matrices are periodic
triangular matrices. Before we state our results, we briefly introduce the Floquet theory for
delay linear systems; for details, we refer to [19,22,23].

LetC = C[—7, 0] for some T > 0be the Banach space of continuous functions mapping
the interval [—t, 0] into R". Suppose L : R x C — R" is a linear functional for any
fixed t € R, and there is w > 0 such that L(r + w, ¢) = L(t, ¢) forall t and ¢ € C. Let
X; € C defined by X;(0) = X(t + 0) for 6 € [—7,0] and r € R. The delay linear system
is given by

X(@t) = L(t, X,). 9

Using Riesz linear functional representation theorem, this equation can be expressed as a
Lebesgue—Stieltjes integral of a bounded variation matrix function. We will focus on some
special forms of this matrix. Define the operator U by U¢ = X, (0, ¢) where X (¢, @) is
the solution to the system (9). It is easy to check that U is a compact operator. The compact
operator U induces a decomposition of C, and in some invariant subspaces, the solutions
have Floquet representations. The following facts follow from the compact operator U. The
spectrum o (U) is at most countable and is a compact set in the complex plane. 0 € o (U)
since C is of infinite dimension and O is the only limit point in o (U) when o (U) is infinite.
For p € o(U) and p # 0, there are closed invariant subspaces K(p) and E(p) and
dim E < oo, such that C = K(p) & E(p). When U is restricted to the subspace E(p), U
can be represented by a matrix M under a given basis of E(p). The matrix M is nonsingular
and has a unique eigenvalue p. So, define B = iln M, and p(t) = X (r, ¢)e‘Bt, where
X(t,¢) € E(p). It is easy to check that X (¢, ¢) = p(t)e_B’ is a solution, where p(t) is
periodic. Then p is a characteristic multiplier, and In p is a Floquet exponent.
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Let p1, p2, - - -, pn, - - -, be the characteristic multipliers of the system (9) ordered in
such a way that |o,| > |pp+1]. Let Ay = {p1, p2, -, pu} and Ry = {pn+1, - - -} where
|pn+1| < a < 1. From the property of compact operator, this exists only a finite number of
multipliers outside the circle |z| < «. For the decomposition o (U) = A, U R, U0, there is
a direct decomposition C = E(p1) ® E(p2) ®--- @D E(pn) ® Co,and o (U|Co) = R, UO.
If ¢ € C,then ¢ = ¢, + ¢ and X (¢, ¢) = X (¢, ¢n) + X (¢, ¢). The solution X (¢, ¢,,) is a
linear combination of Floquet-type solutions, and the solution X (¢, ¢) approaches zero as
e P! where g = —é In o.

Now we consider the case when the delay is specifically given. For this general case,
consider the system

X)) =Y BOX( —kw),  Bit+0) = B0, (10)
i=0

where B;(t) is n x n continuous matrix function, and k; > 0 is an integer. For the exact
calculation, we will focus on special cases Xt)=B®)X(t —w)and X(1) = A®)X (1) +
B(t)X(t — w). When A(¢) and B(t) both are triangular matrix functions, for the nondelay
linear systems X(t) = B(t)X(r) and X(t) = A(t)X (), we know how to calculate their
Floquet exponents exactly. For the delay linear system, we can describe the relations between
the Floquet exponents of the nondelay systems and that of corresponding delay systems.
For nontriangular periodic matrices, we do not have an answer yet.

TueoreMm 2.10 Let X = B(t)X(t — w), where B(t) is a continuous lower triangular
matrix funct{on, B(t + w) = B(t). Let A; = %fow bii (t)dt be the Floquet exponents of
the system X = B(t)X(t) fori = 1,2,---,n, and u be the Floquet exponent of the
system X = BO)X(t — w). Then A; = et Re(u) < 0 if and only lf—% <X <0
fori = 1,2,--. n. Consequently, the solution X = 0 to the delay system is uniformly
asymptotically stable if and only lf—% <Ai<0,i=1,2,--n

Proof From the definition of characteristic multipliers of delay linear differential equa-
tions, p = e is a characteristic multiplier of the linear periodic system

X =BOX( —w) (11)

if and only if there is a nonzero n-vector function v(¢) = v(f + ) such that X = v(z)e*’
satisfies the system (11). Hence, one has a linear system

0(t) = (—ul + Bt)e ") (r). (12)

As in the proof of Theorem (2.5), there is a fundamental matrix solution V (¢, 1) of the
system (12), which has diagonal entries, ef(;(b“(s)e_uw_“)ds, i=1,2,---,n,and V(0, 1) =
I. Then v(¢) = V (¢, u)v(0), and the initial value v(0) # O must be chosen such that
v(t) = v(t +w). Such a v(0) # 0 exists if and only if u satisfies the characteristic equation
det(V(w, u) — I) = 0. Therefore

el Git e —wds _ | — 0 j=1,2 - n.
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Therefore, we have A ;e —u = 0, or Aj = pe"”, where 1; = %fow bjj(t)dt is the
Floquet exponent of the nondelay system X = B(#)X (), j = 1,2, - - -, n. It is known for
each A; # 0, there are at most countably infinitely many j that satisfy A ; = pet®.

Let z = puw. We have ze* — wi; = 0. The Floquet exponent v of the delay system
(11) has negative real part if and only if z roots of ze* — wA; = 0 has negative real parts
since @ > 0 is the period. By Theorem A.5 in [22], all roots of the equation ze* — wi; =0
have negative real parts if and only if —wA; > 0 and —wA; < 7. Thatis, —5- < A; <O0.
Therefore, in order for all Floquet exponents n to have negative real parts, all A; have to

bl

satisfy —5- < A; <Ofori =1,2,-- -, n. 0

COROLLARY 2.9 Let X = B(t)X (t — w), where B(t) is a lower triangular continuous
matrix function, and B(t + ) = B(t). If [ bji(t)dt > 0 or [ bji(1)dt < —%, then the
solution X = 0 is unstable.

TueoreM 2.11 Let X = A)X(t)+ B(t)X (t — w), where A(t) and B(t) are continuous
lower triangular matrix functions, A(t + w) = A(t), and B(t + w) = B(t). Let 1;(A)
and A;(B) be the Floquet exponents of the systems X = AOX@) and X = B(O)X (1)
respectively, and p be the Floquet exponent of the given delay system. Then,

Li(A) + i (B)e M — = 0;

Re() < 0 if and only if
M) < © —hi(A)seck < ki(B) < —hi(A),
1)

where &; is the root of & = Li(A)wtan&;, 0 < & < mw,i = 1,2, - -, n. Consequently,
the solution X = 0 is uniformly asymptotically stable if and only if fow aii(tydt < 1,
_%s,- Jy ai(dt < [ bii(0)dt < — [ aii(Ddt, i = 1,2, -, n.

Proof As in the proof of Theorem 2.10, let p = ¢"® be a characteristic multiplier. Then
there is a nonzero n-vector function v(¢#) = v(¢t + w) such that X = v(¢)e satisfies the
given delay system. Hence, we have (1) = (—ul + A(t) + B(t)e "®)v(t). As in the proof
of Theorem 2.5, there is a fundamental matrix solution V (¢, ), which has diagonal entries,
eJo@ij@+bjj (e =ds i _ | 2 ...y and V(0, ) = I. Then v(t) = V (£, w)v(0), and
the initial value v(0) # 0 must be chosen such that v(r) = v(r + u). Such a v(0) #~ 0 exists
if and only if p satisfies the characteristic equation det(V (w, i) — I) = 0. Therefore

ef(f)(ajj(A‘)+bjj(S)g*#ﬂ’—u)dS —1=0, j=1,2,---n.

Therefore, we have A ;(A) +4;(B)e™** — u = 0, where A ; (A) = % Iy ajj(®de, xj(B) =
é fg‘) bjj(t)dt are the Floquet exponents of the systems X = A(t)X(t) and X = B(t)X (1)
respectively, j = 1,2, - -, n.

Let z = uw. We have ze* — A ;(A)we* — Aj(B)w = 0. The Floquet exponent j of the
delay system has negative real part if and only if z roots of ze* — A j (A)we* — A;(B)w =0
have negative real parts since @ > 0 is the period. By Theorem A.5 in [22], all roots of the
equation ze* — A j(A)we® — A;(B)w = 0 have negative real parts if and only if
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—Aj(Aw > -1, —Arj(Aw—1j(B)w >0,
—Aj(B)w < &jsing; + Aj(B)wcosé;,

where£; is therootof £ = A (B)w tan £;. Since £; = A (A)wtan&; = & = )j(A)w ol

cosé ’
one has & sin&; + Aj(A)wcosé; = A;(A)w ‘C‘gsg' + A (AwcosE; = Aj(Ao—
and —A ; (A)a)COSE cos§
Aj(B) < —Aj(A). Therefore, the conditions can be expressed as fo ajjt)dt < 1,
—ﬁ Iy ajj(t)dt < bj < — [ ajj(t)dt, where §; is the root of §; = A;j(A)wtané;,
O0<&<m,j=12,---,n. O

cos% ’

< Aj(B)w. Combining the second condition, one has —1;(A) —+ <

Using similar arguments, we can obtain the result below.

THEOREM 2.12  Given X (1) = ZT:O B;j(t)X(t — kjw), where Bj(t + w) = Bj(t) is
lower triangular and k; > 0 is an integer for j = 0,1, - - -, m. Let 1;(B;) be a Floquet
exponent of the system X(t) =B;jX(t)fori =1,2,---,nand j =0,1,---,m; also let n
be a Floquet exponent of the given delay system. Then

m
D hi(Bje Mt — =0, i=12n. (13)
j=0

3. An application to cholera modeling

In this section, we propose and analyze a mathematical model for cholera dynamics with
seasonal oscillation, using our findings in Floquet theory. Particularly, we will determine
threshold values of cholera epidemics in various periodic environments.

Cholera is a severe intestinal infection caused by the bacterium Vibrio cholerae. Many
epidemic models have been published [24-28] in recent years to investigate cholera
dynamics. Among these Codeco [24] was the first to explicitly incorporate bacterial dy-
namics into a SIR epidemiological model. Meanwhile, cholera is a seasonal disease in
many endemic places and infection peaks often occur annually in the rainy or monsoon
season.[11,13] Currently, very few mathematical cholera models have taken into account the
seasonal factors, partly due to the challenges in model analysis and validation. In addition,
several recent studies [12,29,30] have shown that lytic bacteriophage specific for Vibrio
cholerae can suppress the growth of the bacteria and thus reduce the severity of cholera
outbreak.

To better understand the complex interaction among human population, vibrio, phage,
and seasonality in cholera dynamics, we construct a new model as follows. This is a
significant extension of Codeco’s model [24] by incorporating the phage dynamics and
the seasonal oscillation of cholera transmission. Our model is represented by

ds (H—-2S8) S
— =n(H—-S)—a ,
dt K+ B
dl B

— =ua S—rl,

dt K+ B

dB B

— =e¢l —mB—-5§=——P,
dt K+ B
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B
— =&l 4+ k= P—vP, 14
7 & 1B (14)

where § is the susceptible human population, 7 is the infectious human population, and B
and P are the concentrations of the pathogen (i.e. vibrio) and the phage, respectively, in
the contaminated water. The total human population, H, is assumed to be a constant. The
parameter n denotes the natural human birth/death rate, a denotes the human contact rate
to the vibrio, § is the death rate of the bacteria due to phage predation, « is the growth rate
of the phage due to feeding on the vibrio, e and £ are the rates of human contribution (e.g.
by shedding) to the pathogen and the phage, respectively, and m and v are the natural death
rates of the vibrio and the phage, respectively. In addition, r = n + y with y being the
recovery rate, and K and K are the half saturation rates of the vibrio in the interaction with
human and phage, respectively.

To investigate the impact of seasonality on cholera dynamics, we will particularly
examine the periodic variation of three parameters, m, e and a, and apply the results from
Floquet theory in the analysis that follows.

Let us first assume that the parameter m is a positive periodic function of time, m(t),
representing a seasonal variation of the extinction rate of the vibrio.

It is clear to see that Eg = (H, 0, 0, 0) is the unique disease free equilibrium (DFE) of
the system. For ease of discussion, we translate the DFE to the origin via a change of variable
by S = H — S. Then, with a linearization at (0,0, 0, 0), the original system becomes

ds _
— =-nS+—B+ —

aH (aB(H -9 _ aH )’

dt K K+B_ K

dl aH aB(H—-S) aH

— =—rl+—B (——— ),

dt K K+ B K

dB B

— =el —m@)B —5=——P,

dt K+ B

ar &l P+ B P (15)
— =& —v K —= .

dt K+ B

Thus, system (15) can be written in a compact form
X =AOX + F(1, X), (16)

with X = (S’ 1, B, P)T and the matrix

H
—-n 0 “T 0
aH
an=|°% " &% 0 (17)
0 e —m() O
0 & 0 —v
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In order to study the trivial solution of (16), we first check the condition (5). We have

\F(t, X)|<2‘ B aB(H_S)‘+(6+ )lBP|
K+ B
aH aB(H — S)) B? |BP|
_2‘ p 279 __’ T k|
X X Ve + %2 6+
_2‘ aB§+a(H—§)32 a(H—S)B3 )+(8+ )|BP|
N K K? K3
a|BS| _alH —S|B> _a|(H - S)B?| |BP|
2 2 2 s —
S22 2 + 3 + (8 +x)
Then, it is straightforward to check that lim|x ¢ % = 0 uniformly in 7. Based on
Theorem 2.8, we only need to consider the periodic linear system
X =A@®X, (18)

where the matrix A(¢) is given in Equation (17).
Itis easy to observe that the matrix A(#) has a block tridiagonal structure. From Theorem
2.5 and Corollary 2.5, two Floquet exponents of the system (18) are given by —n and —v; the

— H/K
roat/ ).Hence,

other two Floquet exponents are determined by the matrix block —m(t)

its stability depends on the 2 x 2 sub-system

(o
y= ( . _m(t)> Y- (19)
Let
mp = min m(t) and M = max m(t).
O<t=w 0<t<w

We have the following lemma which describes the stability of the sub-system (19).

aLH

Lemma 3.1 Whenmp > , the trivial solution of (19) is asymptotically stable; when
M < ‘”"H , the trivial solutwn is unstable; when m; < “elf < M, the system (19) may have
a penodlc solution.

Proof By Theorem 2.4, the system (19) has two distinct real characteristic multipliers and
two distinct real Floquet exponents A1 and ;. So, its solution takes the form of e p(t) =
p1(1)

S\ p2()
this solution into the system, we obtain

p1(t) = —(A +r)p1(t) + bpa(2),
pa(t) = epi(t) — (A +m(1)) p2(t).

, where p(t +w) = p(t) and A is A1 or Ap. Denoting b = aH and substituting

Then, integrating both sides of these two equations and noting that p; (0) = p; (w),i =1, 2,
we have

O0=—-A+r) p1(t)dt + b/ p2(t)dt, (20)
0 0

0= 6[ piydt — [ (A +m(1))pa(t)dt. 21
0 0
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Multiplying Equation (20) by e and Equation (21) by (A + ), and adding the results, we
obtain

0= / [eb — (A +1)(A +m(2))]p2(t)dt.
0

Since py(¢) > 0 (as can be seen from the proof of Theorem 2.4), the equation eb — (A +r)
(A+m((t)) =0, 0r
eb=(A+r)(A+m()), (22)

must have a solution on [0, w]. We now consider all three different cases.

When m; > % we consider A + m(t) = % which is equivalent to Equation (22).
If = 0, then m(t) = . Since m(t) = m; > <, it is impossible that Equation (22)
has a solution. If A > 0, then % < er—b, and m; > A + m(¢). This is a contradiction.
Therefore, both A and A, must be negative, and the trivial solution is asymptotically stable.
Similarly, it can be shown that when M < %, one of the two characteristic multipliers must
be positive, so that the trivial solution is unstable.

Now we consider the third case. When m < % < M, we have mir < eb < Mr.
Suppose that Equation (22) has a root #g; that is, eb = (. +r)(A 4+ m(tp)). Regrouping this
equation, we have A2+ (r +m(to))h + rm(ty) — eb = 0. This is a quadratic equation so
that A1 A> = rm(tg) — eb. Combining with the assumption on %, we obtain

r(m(to) — M) < rm(tg) — eb < r(m(ty) —my).

Since r(m(tg) — M) < 0and r(m(to) —m1) > 0, it is possible that rm (ty) — eb = 0. When
m(ty) = %, one Floquet is zero and there is a periodic solution. [l

Summarizing our analysis above for periodic m (), we can now state the results below.
TueEoREM 3.1 Assume that system (14) has a positive periodic m(t). When m| > “relf(q,
the disease free equilibrium Ey = (H, 0, 0, 0) is uniformly asymptotically stable. When

M < “fg , the disease free equilibrium is unstable.

We can now conduct similar study on the second scenario, by setting the parameter e
as a positive periodic function e(t), representing a seasonal oscillation of the per capita
contamination rate, i.e. the unit rate of human contribution (e.g. shedding) to the pathogen
in the environment.

Following similar arguments as before, we obtain that the stability of this system depends
on the 2 x 2 sub-system

—r %
y = . 2
y ( e(r) _m> y (23)
Let
e; = min e(t) and E = max e(t).
O<t=w 0<t<w

We then have the following lemma which describes the stability of the sub-system (23).

LemMma 3.2 When e; > ";LK the trivial solution of system (23) is unstable; when E <

H )
";rhl,( , the trivial solution is asymptotically stable; when e1 < % < E, the system (23)

may have a periodic solution.
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The proof of Lemma 3.2 is similar to that of Lemma (3.1) and is omitted here. As a
result, we obtain:
TueorREM 3.2 Assume that system (14) has a positive periodic e(t). When E < "Z;If,
the disease free equilibrium Ey = (H, 0,0, 0) is uniformly asymptotically stable. When

e > ";r[f , the disease free equilibrium is unstable.

In addition, we can consider the third scenario by setting the parameter a as a positive
periodic function a(#), representing a seasonal variation of the contact rate. The stability

now depends on the sub-system
_, aWH
y = ( K )y. (24)
e —m

a; = min a(t) and A = max a(r).
0<t<w 0<t<w

We then have the following results which describe the stability property in this case.

Let

Lemma 3.3 Whena; > ’Zr};{, the trivial solution of (24) is unstable; when A < ”Zrlf, the
trivial solution is asymptotically stable; when a; < ”ZHK < A, the system (24) may have a

periodic solution.

TueorREM 3.3  Assume that system (14) has a positive periodic a(t). When A < "Zr;, the

disease free equilibrium Ey = (H, 0, 0, 0) of the system is uniformly asymptotically stable.

When a; > ’ZL[K , the disease free equilibrium is unstable.

In principle, we can also vary other parameters in the cholera model as time periodic
and analyze the periodic systems in a similar way. An interesting observation is that phage
dynamics do not change the stability of the disease free equilibrium. Instead, the growth or
decay of phage density in the environment will affect the infection size in both short- and
long-term dynamics. Below we will present numerical simulation results for demonstration.
Additionally, if we know a nontrivial periodic solution to our cholera model (14), we can
investigate the stability of the periodic solution as well by using the theory presented in
the previous section. It is reasonable to expect more specific conditions for the existence
of nonconstant periodic solutions to our cholera model in various periodic environments,
and we plan to explore these in a future study. Our numerical results will be able to provide
useful insight.

The base values of the parameters in our cholera model (14) are taken from [24,30].
In particular, H = 10,000, n = 0.001 (day)~', @ = 1 (day)~!, K = 10°cells/ml, r =
0.2 (day)~!, m = 0.33 (day) ™!, e = 10cells/(ml - day).

For the first scenario, we replace m by a periodic function

m(t) = c| 4 c2sin(2mwt/365)

with a period w = 365 days, representing annual variation of the bacterial extinction rate.
Based on Theorem 3.1, the stability threshold value is
aeH
rk

0.5.
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‘We then conduct numerical simulation to this model with various choices of the constants c;
and ¢; and differing initial conditions, and the simulation results show consistent patterns.
A typical set of numerical results are presented here. Figure 1(a) shows the infection curve
(1) versus time (¢) with ¢y = 0.7 and ¢o = 0.19. The initial infection is set as 7(0) = 100.
In this case, m| = min m(t) = 0.51 > 0.5, and we observe the number of the infectious
individuals quickly drops to zero and stays there forever; i.e. the disease dies out. This is an
evidence that the disease free equilibrium is uniformly asymptotically stable. In contrast,
Figure 1(b) shows the result with ¢; = 0.25 and ¢, = 0.24, and with the initial condition
1(0) = 1. In this case, M = max m(t) = 0.49 < 0.5, and we expect an unstable disease
free equilibrium. Indeed we observe that even though only one infectious individual is
introduced initially, an epidemic outbreak quickly develops with a peak value at about
1200, or 12% of the total population (H = 10,000). Afterwards, the disease persists and
epidemics occur in every few years in a periodic manner with peak values of the outbreaks
at about 15% of the total population, implying that seasonal oscillation of the bacterial
extinction rate has large impact on disease epidemicity and leads to high infection levels
from time to time. Figure 1(c) and (d) show the time series for the bacterial density (B)
and the phage density (P) in this case, respectively, with a similar pattern. For comparison,
we now remove the phage (P) from the model (14) and run the simulation under the same
parameter settings; particularly, c; = 0.25, co = 0.24, and 7(0) = 1. Results are displayed
in Figure 2 for I vs. t and B vs. t . By comparing Figures 2(b) and (c), we clearly see that

(3)100 ; ; ; ; (b) 2000
g 80 3 1500
£ % 2
e £ 1000
8 40 o
E E
=}
2 5 5 50

00 2000 4000 6000 8000 10000 00 5000 10000 15000

Time(Days) Time(Days)
5 104

(O EL— ‘ ‘ (d)
>
= 2
@ 1.5 g 6
3 @
= o
s 1 0 4
8 g
[&] <
S 05 o

0 . . 0 . .

0 5000 10000 15000 0 5000 10000 15000

Time(Days) Time(Days)
Figure 1. Time series for model (14) with periodic bacterial extinction rate m(t) = c; +

cp sin(2mt /365). (a) c; = 0.7, cp = 0.19. The disease free equilibrium is uniformly asymptotically
stable. (bed) c¢; = 0.25, ¢y = 0.24. The disease free equilibrium is unstable and disease persists.
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the peak values for the bacterial concentration without phage are significantly higher than
those with page. Correspondingly, by looking at Figures 2(a) and 1(b), we also observe that
the peak infections in the case without phage are always higher than those with phage. This
observation is consistent with the findings in [12,29,30] that vibriophage can reduce the
severity of cholera outbreak.

For the second scenario, we replace the base value of e by a periodic function

e(t) = c1 + c2sin(2wt/365)

with a period w = 365 days, representing annual variation of the human contribution rate
to the vibrio in the contaminated water. Based on Theorem 3.2, the stability threshold value

is
mrK

= 6.6.
aH

Two typical simulation results are presented in Figure 3. We first set c; = 4.0 and ¢; = 2.5,
so that £ = max e(t) = 6.5 < 6.6. Figure 3(a) clearly shows the disease dies out in this
case, where the initial condition is 7/ (0) = 100. Next we set ¢; = 8.2 and ¢, = 1.5, so that
e; = min e(t) = 6.7 > 6.6. Figure 3(b) shows that a high epidemic level occurs shortly
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3 1500 @
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é 015
= 1000 2
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0 5000 10000 15000 0 5000 10000 15000
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Figure 2. Time series for model (14) without phage; m(t) = ¢y + ¢ sin(2wt/365) where ¢; = 0.25,
cp = 0.24.
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Figure 3. Time series for model (14) with periodic human contribution rate to the pathogen
e(t) = c1 +cp8in(2mt/365). (a) ¢y = 4.0, ¢ = 2.5. The disease free equilibrium is uniformly
asymptotically stable. (b) ¢c; = 8.2, ¢ = 1.5. The disease free equilibrium is unstable.
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Figure 4. Time series for model (14) with periodic exposure rate a(t) = ¢ + ¢p sin(2wt/365).
(a)c; = 0.4, cp = 0.25. The disease free equilibrium is uniformly asymptotically stable. (b) c; = 0.8,
cp = 0.13. The disease free equilibrium is unstable.

after the initial time, followed by persistent epidemic oscillations over time with low peak
values. This represents an unstable disease free equilibrium.
Finally, for the third scenario, we replace the base value of a by a periodic function

a(t) = c1 + c2sin(2wt/365)
with a period w = 365 days, representing annual oscillation of the rate of exposure to the
contaminated water. Based on Theorem 3.3, the stability threshold value is

mrK

eH
Figure 4 shows a typical pair of simulation results where: (a) c; = 0.4, co = 0.25, and
A = max m(t) = 0.65 < 0.66; (b) ¢c; = 0.8, ¢ = 0.13, and a; = min m(t) = 0.67 >
0.66. Again the numerical results are consistent with the analytical predictions.

= 0.66.

4. Conclusions and discussion

We have presented new results to the Floquet theory which facilitate the calculation of the
Floquet exponents in several nontrivial cases. In particular, we have established that the
Floquet exponents can be directly computed from the diagonal entries when the coefficient
matrices are triangular, and the Floquet exponents are eigenvalues of a constant matrix
when the coefficient matrix commutes with its antiderivative matrix. We apply these results
to the study of the stability of periodic solutions to linear and nonlinear periodic systems,
as well as delay linear periodic systems. We also apply our findings in Floquet theory to
the analysis of a new cholera model to explore threshold values of cholera epidemics with
seasonal oscillations.

The study of periodic solutions to linear and nonlinear periodic systems is both important
and challenging, and there are many open questions. For example, given a linear periodic
system X(t) = A@)X (), X € R", under what conditions can we transform it to a
triangular periodic system? For another example, consider the Floquet exponents of the
delay linear system (10) with general periodic matrix functions B;(¢)’s. Does the formula
in Equation (13) still hold? Consider all delay linear periodic triangular systems with the
same dimension, X (t) = L(t, X;). These L;’s form a nest algebra. One interesting question
one wants to ask is how this nest algebra is related to the Banach space C. We know the
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evolution operator for each delay linear periodic triangular system is still “triangular”. Are
these operators form a nest algebra over the Banach space? If yes, is it unique, and is there a
basis? Answers to these questions may reveal deeper structures of solutions to delay linear
periodic systems.
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