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ABSTRACT. We present a constructive method for Lyapunov functions for or-
dinary differential equation models of infectious diseases in vivo. We consider
models derived from the Nowak-Bangham models. We construct Lyapunov
functions for complex models using those of simpler models. Especially, we
construct Lyapunov functions for models with an immune variable from those
for models without an immune variable, a Lyapunov functions of a model with
absorption effect from that for a model without absorption effect. We make
the construction clear for Lyapunov functions proposed previously, and present
new results with our method.

1. Introduction. Infectious diseases in vivo and immune response against infec-
tion are investigated using nonlinear ordinary differential equations. It is important
to investigate the stability of the equilibrium of the equations to know whether
infection is established or not, whether the state of infection after establishment is
stable or oscillating, whether immune response exists or not and whether it is stable
or oscillating.

While the analysis of local stability using the Jacobi matrix for the stability of
equilibria can be used in many cases, we can show the global stability result for the
equilibrium if we can construct a Lyapunov function. A Lyapunov function of an
ordinary differential equation is a function on the phase space such that it decreases
(or does not increase) along each solution of the equation. If we can construct a
Lyapunov function, we can prove the global stability using the LaSalle invariance
principle in many cases.

But, constructive methods to find Lyapunov functions are not known except for
certain particular models, for example, Li et al. [9]. In many cases, Volterra type
functions are used, and the derivative of the Lyapunov function is shown to be
nonpositive using the result that it is expressed as a sum of squared terms with
negative coefficients.
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By the limitation of technique, the global stability of the interior equilibrium of
the model with three variables in Nowak and Bangham [12] has not been shown for
a long time. Korobeinikov [7] showed that Volterra type functions are applicable
to many models of epidemiology and virology using arithmetic-geometric mean in-
equality, and he settled the problem of global stability for the model in Nowak and
Bangham [12]. After that, many papers, for example Pang et al. [13], Iggidr et al.
[3], Kajiwara and Sasaki [5], Inoue et al. [4], have appeared and Lyapunov functions
have been obtained for many models. When a model is modified by some change
from a simpler model, it will be better if we can construct a Lyapunov function
from that for the original model in a constructive way.

In the present paper, we consider models derived from the models in Nowak and
Bangham [12]. We construct Lyapunov functions for more complex models from
those for simpler models. Using a Lyapunov function, which are already known (e.g.
Korobeinikov [7]) for a model that ignores the immunity, we construct a Lyapunov
function for a model that incorporates the immunity. We show that Lyapunov
functions, which is already known, are directly obtained by our method, and we
also show new results. When a pathogen infects an uninfected cells, the number of
pathogens decreases by one, and we call it the absorption effect. We construct a
Lyapunov function for a model with absorption effect from a Lyapunov function for
a model without absorption effect. We make previous constructions clearer. And
we also construct a Lyapunov function for a model of Qesmi et al. [14].

The contents of the paper are as follows. In Section 2, we present a method for
modifying a Lyapunov function for a model without an immune variable to obtain
a Lyapunov function for a model with an immune variable. We state the details
of the construction mainly for the model with humoral immunity. In Section 3, we
present a method to construct a Lyapunov function for a model with the absorption
effect by using that of a model without the absorption effect. We use the method in
Section 2 for the model which contains an immune variable and absorption effect.

Using the method which we propose, we also present some new results. We
construct Lyapunov functions mainly around the interior equilibrium because the
construction for the interior equilibrium is often more difficult.

2. Models with immune variables.

2.1. Formulation and a result. We will construct a Lyapunov function for a
model of infectious diseases in vivo with an immune variable, by using a Lyapunov
function for a corresponding model without an immune variable. Since the method
of construction can be applied to various models, we consider the following form:

d
% = f(z1, 29, xn) (k=1,2...i—1i+1,...,n),
dmi
dt = fi(w1, 22, .., Tp) — b2;i — PTp1Ts, (1)
dxn+1
5 = iq(Tpt1) — MTpi1.
The variables xx’s (k = 1,2,...,n) express the amount of the uninfected cells,

infect cells of several stages, and pathogens. Here we fix i (1 < i < n), and x;
corresponds to the cells or pathogens that stimulate the immune system and are
eliminated by the immune system (the term —px,,12; with a positive constant p).
The linear clearance term —bx; (b > 0), which commonly appears in many models,
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is not included in f; because of a technical reason. The variable x,, 1 expresses the
amount of the immune cells. We confine ourselves to the case where the immune
activation is described in the form z;q(z,+1). We assume that, for z > 0, the
function ¢(z) is positive and z/¢(z) is monotonously nondecreasing. The positive
constant m is the death rate of immune cells.

We will construct a Lyapunov function for (1) using a Lyapunov function for the
following model

d
% = fu(z1,29,...,2n) (k=1,2...i—1,i+1,...,n),
(2)
dz;
d—; = filwy,29,..., 1) — V25

The model (2) corresponds to (1), and the meanings and dynamics of x’s also
correspond to those for (1), except the fact that the model (2) dose not explicitly
include an immune variable. Here the coefficient b’ of the linear clearance term is
different from b in (1). If we put g = (g1, 92, - - ., gn) With

gk(z1, T2y .. ) = fr(T1,22,. .., 2Tn) (k=1,2,...,i—1,i+1,...,n),

gi(xtha e ,.’En) = fi($1,$27 e 7xn) - blmi;
and x = (x1,Z2,...,%,), then the system (2) becomes
dx
FT g(x).
We suppose that the model (1) has a positive equilibrium (&1, Z9,...,%n4+1),

which satisfies
Fe(Br, @2, dn) =0  (k=1,2...,i—1,i+1,...,n),
[i(@1,Z2,...,2p) — b — ppg1Z; = 0, (3)

2q(Zng1) — MmEpr = 0.

Then, for

b =b+ DPTy41, (4)
X = (21, &9,...,4y,) is a positive equilibrium of (2). We use the notation (X, &p41) =
(Z1,22,...,4ns1) and Rﬁ ={x e RF|z; >0,i=1,...,k} for each positive
integer k.

Theorem 2.1. We assume that the model (2) has a Lyapunov function of the form
Ux) = [j(ml, ey L1, Tig 1, - E) + c(x; — T log a;) (5)
around the positive equilibrium X, where ¢ is a positive constant. Then we can con-
struct a Lyapunov function for the model (1), which contains an immune variable,
around the positive equilibrium (X, Z,41) in a constructive way.
We assume z/q(z) is strictly increasing at Zny1. Then if the largest invariant
subset of {x € R |U(x) =07} for the model (2) is the singleton {X}, the interior
equilibrium (X, Tn41) of (1) is globally asymptotically stable in R} .

Proof. We introduce a function W (2,41 ), which will be determined later. We put
V(% @n1) = U(X) + W(znia), (6)

and will find a condition for W that V is a Lyapunov function of (1) around
(X, &p+1). We note that the inequality

VU(x) - g(x) <0 (7)
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holds.
If we calculate the derivative of V' along (1), then we have, by (6), (4) and (5),
: oV v
V(% @nt1) = D 5= (5 1) fu (%) + 5= (56 ) (i (%) = bai — pnsa2i)
el Tk T
ki

7

+ W’($n+1)($i(1($n+1) — MTpt1)

" oU oU
= T(X)fk(x) + oz,

(x)(fi(x) = bxi — pTny17;)

(%) (PEn1%i — prn12i) + W (@n41) (@iq(Tn41) — Mt

=Y ST + () — )

ou .
(%) P (Ens1 — 1) @i + Wi (@ns1) (@i¢(Tng1) — mTng)

= VU(x) g(x) +c (1 - x) P (Bni1 — Togr)Ts

T;
Tn+1
+ W' (2ni1)q(xn <a:i—mn+>.
( +1) ( +1) q(xn+1)
Thus, by the last equality —2; + m&,41/q(Zne1) = 0 of (3),

V(X, Tpy1)
=VU(x)-g(x) +cp- (x; — &) (@nt1 — Tnt1) + W (Tni1)q(ni1) (@ — &)
/ Zny1 Lnt1
+ Wi (@n11)q(Xng1)m <q(§gn+1) a Q($n+1)> ' o

Since (x; — @;)(Zp+1 — Tnt1) is not definite, we determine W (x,+1) as it satisfies
ep- (w7 — 2)(Bnt1 — Tpg1) + Wi (Tnp1)@(@ni1) (@5 — 3) = 0,
which implies
cp - (Tny1 — Tny1)
q(Tnt1)

W' (@p41) =

Then (8) becomes

. X Tnyy Tnt1
V(x,xy, =VU(x) - g(x) + cpm(zpi1 — Tn - - )
(cs0t) = VUG 800) + i1 — ) (22— )

and we have

rttep (T = Bpga)
W(ni1) = / A GV,
Fnan q(7)

Since z/q(z) is assumed to be nondecreasing and (7) holds, V (x, Z,,1) is nonposi-
tive, and thus V' (x,z,41) is a Lyapunov function for (1) around (X, Zn41).

We assume z/q(z) is strictly increasing at #,,1. Then V(x,2n41) = 0 implies
Zpt1 = Tpt1. By the assumption for U(x), the largest invariant subset of {x €
R} |V(x) = 0} is the singleton (X,#,41). By the LaSalle invariance principle,
the interior equilibrium (X, Z,41) of (1) is globally asymptotically stable. O
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Remark 1. When z/q(z) is not strictly increasing near &,41, we can not use
directly Theorem 2.1 for the global stability of (1). But for some specific examples,
we can conclude that the interior equilibrium of (2.1) is globally asymptotically
stable, using the specific information of (2) and U(x).

We don’t consider the existence of interior equilibria in this section. The existence
is a nontrivial matter in many cases, and should be proved for each case. Some
results on the existence are described in Appendices B, C and D. The uniqueness
of the interior equilibrium follows from its global stability.

2.2. Some specific models. We apply Theorem 2.1 in Section 2.1 to specific
models in infectious diseases in vivo.
We consider the following model incorporating humoral immunity:

& A dr—pla0), Y= o) —ay,
dt dt 9)
d—v—ar —bv —p2v dz _ (z)v —mz

Humoral immunity works by killing pathogens outside target cells. In Murase et
al. [11], models incorporating humoral immunity are investigated. The variable x
denotes the amount of uninfected cells, y the amount of infected cells, v the amount
of pathogens and z the amount of humoral immunity specific to the pathogens. The
function ¢(z,v) is called an incidence function and nonlinear in general. We assume
that ¢(x,v) and ¢(z) satisfy the following conditions:

1. ¢(x,v) is continuous, ¢(x,v) > 0, monotonously increasing with respect to
and v respectively, and ¢(z,v)/v is monotone nonincreasing, for x > 0 and
v > 0.

2. ¢(x,0) =0, ¢(0,v) =0 for z > 0 and v > 0.

3. q(%) is continuous and positive, and z/¢(z) is monotonously nondecreasing for
z>0.

When ¢(x,v) is C2, the above conditions 1. is satisfied if p(x,v) > 0, v, (z,v) >
0, @p(z,v) > 0and @,y (z,v) <0 for z > 0 and v > 0. We state two important cases
for g(z) in Appendix A, which are convenient to show the existence of an interior
equilibrium.

We put zp = A\/d. We note that the basic reproductive ratio Ry for the model is
given by

RO = %%(1’0,0)
Since z/q(z) is monotonously nondecreasing, lim,_, 1o 2/¢q(z) is zero or positive.

In this section, we assume that an interior equilibrium (&,g,?, %) exists and
construct a Lyapunov function of (9). Some results on the existence of an interior
equilibrium are described in Appendix B.

As in Section 2.1, we consider the following model without an immune variable
corresponding to (1):

Ccll—f:)\—dx—ﬂx,v), %zgp(x,v)—ay, %:ary—bv. (10)
We note ¢ = 3 in Section 2.1 and the right hand side of the third equation contains
a term —bv. We use the following modified equation:

dz dy
a—)\—d.’lf—tp(.’f,’l}), a_(p(‘rﬂ))_aya

dv 5
il (b+ p2)v. (11)
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We put y = (z,y,v) and denote by k(y) the vector field defined by the right hand
side of (11). The equation has an interior equilibrium (&, g, 0).
We define U by

Uly) =x — /r iii’g; dr + (y — glogy) + %(v — dlogw)

1 _
= (v —1logv) + U(y),
and U does not contain the variable v. The function U is a Lyapunov function

of (11) at (&,9,0). U is essentially the same as that obtained for SEIR model by
Korobeinikov [8]. By Korobeinikov [8], it holds that

U(y) =VU(y) k(y)
$(1- 25D (st (- B0 _Gele) _ty_va(n)

o(z,0) po(x,9)  ye(@,0) g  De(r,v)
Lo (@) v o vz, D)
+<P(x’”)(<p(x,@) P Hw(m)) <0.

The first term and the third term are nonpositive from the condition of ¢(z,v), and
the second term is nonpositive from the arithmetic-geometric mean inequality. We
put x = (z,y,v, z), and put

V(x) =U(y) + W(z)

T PPN z ~
=1 — / (p(x’qf) dr + (y — glogy) + 1(v — dlogwv) + / Mdr
PG r s ()
Then by Theorem 2.1, V(x) is a Lyapunov function of (9) at (Z,y, 0, 2).

Using the LaSalle invariance principle, it is shown that the interior equilibrium
(Z,9,0,2) is globally asymptotically stable in the first quadrant, and the interior
equilibrium is unique if it exists. When the interior equilibrium does not exist, we
can show the global stability of the boundary equilibrium using Lyapunov functions.

Now consider the model incorporating cell-mediated immunity

di:/\_dx_@(x’v), %:go(x,v)—ay—pzy,

dt dt (12)
@—ar —bv dz _ (z) —mz

dr Y o qt =Yq .

We assume that ¢(z,v) and ¢(z) satisfy the same conditions as in the humoral
immunity model (9). For the model (12), Ry is given in the same form as (9). We
assume Ry > 1. We assume the existence of an interior equilibrium (z, ¢, 0, 2). We
consider the following modified equation:

d d

o —da—plzv), L =p(z,0) — (a+p2)y,
oy

T ary V.

We put y = (z,y,v), x = (z,y,v,2). Let U(y) be the Lyapunov function of (13) at
(Z,9,0) in the same form as humoral immunity model. We put

W(z):/;;(;fdr.
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Then as in the humoral immunity model (9), V(x) = U(y) + W(z) is a Lyapunov
function of (12) at the interior equilibrium (&, g, 0, £). The global stability and the
uniqueness of the interior equilibrium also hold.

Putting p(z,v) = Bav, q(z) = gz in (12), we get the following model given by
Nowak and Bangham [12]:

dz dy

N\ —dr — =7 — g —

T T — Bxv, & Bxv — ay — pyz, 10
dv =ary — bv dz _ z—ez

a Y o qy .

For (14), Ry is given by ABr/(bd). When Ry > 1+ (areB)/(bdq), it is easy to
show that there exists the unique interior equilibrium. Pang et al. [13] constructed
a Lyapunov function for the interior equilibrium of (14). Their function is also
directly obtained by our method in Section 2.1.

We can incorporate both effects of humoral and cell-mediated immunity to the
model (10):

d d d
N de— o(z,v), & p(z,v) — ay — pyz, & ary — bv — svw,
dt dt dt
(15)
L —yg(e) & ohw)
3 —vaz) —mz, = vh(w) —nw.

We put x = (z,y,v,2,w). The variable z denotes the amount of cell-mediated
immunity, and w denotes the the amount of humoral immunity. We assume the

V(x) =z — /I :Z((i:;; dr + (y — glogy) + %(v — dlogv) +/2 p(;;z(z)z)
Ys(t — )
+ /ﬁ) hr) dr.
Then V(x) is a Lyapunov function for (15). Since the calculation is separated for
the z variable part and the w variable part, we omit the detail.

There exist many examples of ¢(z) satisfying the condition 3 in this section.
Nowak and Bangham [12] and Murase et al. [11] used ¢(z) = gz. Inoue et al. [4]
used ¢(z) = ¢, and they constructed Lyapunov functions which are the same forms
as ours. A function in the family of functions ¢(z) = ¢z* (0 < a < 1) satisfies
the condition for g(z). The family interpolates the known functions ¢(z) = ¢z and
q(z) = q. Especially, ¢(z) = ¢ is an idealized form of ¢(z) = ¢z* for small a. The
function W(z) for g(z) = ¢z® is given by

_ 1 1 2—a 2 1—a 2270‘
W(Z)_q<2—az 1-a +(2—a)(1—a)>'

Gomez-Acevedo and Li [1] used ¢(z) = ¢z/(z + K) and considered the following:

dr

dz dy dz  qyz

= = N—dr— A ~qu — B _
T x — By, i oBry — ay — pyz, i

where we use different notations. The interior equilibrium exists if and only if
oBAg < a(dg + BeK). Gomez-Acevedo and Li [1] used the following Lyapunov
function:

ez,

((+K)

1
V(z,y,2) = x — iloga + ~(y — jlogy) + (2 — 2log 2),
g
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and proved by the Lyapunov function that the interior equilibrium is globally sta-
ble. Our Lyapunov function is different from theirs, and it is constructed more
constructive way.

If the conditions 3 for ¢(z) in this section is satisfied, an interior equilibrium can
be unstable. The following model

dx

d d
3 = dx — Bay, Ei:Uﬁxy—ay—pyz, £=yq(2)—6z

is considered in Lang and Li [10], where we use different notations. It is shown that
for the case ¢(z) = 2"/(2™ + K) with n > 2 interior equilibrium can be unstable.
In this case, the condition 3 of ¢(z) in Section 2.2 is not satisfied.

3. Models with absorption effect.

3.1. Model without an immune variable. When a pathogen infects an unin-
fected cell, the number of free pathogens decreases by one. We call it the effect
of absorption. We consider the following model whose incidence function is of the
form p(z)v:

d d d

oA —de— P(x)v, d—ZZ = Y(z)v — ay, dit} = ary — py(z)v — bo. (16)
The constant p > 0 with 0 < p < r expresses the strength of absorption effect.
The case p = 0 corresponds to the model without absorption effect, the case p =1
corresponds to the model with ordinary absorption effect, and the case 1 < p < r
corresponds to the model with multiple absorption. We assume that the continuous

function ¥ (x) satisfies the following:

1. The function 9 (x) satisfies ¥(0) = 0 and strictly increasing for z > 0.
2. The function ¢ (z) satisfies
z T
(2] = 22D ()~ o)) < 0 (17)

Ty T2
for 1 > 0, x5 > 0.
When ¢(z) is twice differentiable, the second condition is satisfied if ¢'(z) > 0 and
¢"(x) <0 for z > 0. Put 9 = A/d. For the model (16), the basic reproductive
ratio Ry is calculated as follows:

Ry = 1) ()

—pY(ao) + b
We assume Ry > 1. We show in Appendix C that the interior equilibrium (z*, y*, v*)
of (16) exists.
We construct a Lyapunov function of (16) using a Lyapunov function of the
equation without absorption effect. We rewrite (16) as follows:

dr dy
T EA—d =), o = v —ay,
dv

5~y — (p(a”) +b)v + p(Y(a7) — P(x))o.

For the construction of a Lyapunov function, we consider the following modified
equation:

dx dy
I

dt D= ary — (p(a”) + D). (18)

d
1/1(5”)“ —ay, E
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The model is of the same form as the model without absorption effect, and also has
the interior equilibrium (z*,y*,v*). We put x = (z,y,v) and denote by k(x) the
vector field defined by the right hand side of (18). Following Korobeinikov [8], we
define U(x) by

P(§) — (")

* * 1 ok
) = [ P et (g =y lomy) + (0 0" log).

The time derivative of U(x) along (18) is shown in Korobeinikov [8] as

U(x) = VU (x) - k(x)
i (1) (12 Z) ey (3o L)y yretany
() @ P(z) vy oyl
The second term is nonpositive by the arithmetic-geometric inequality.
The time derivative U(x) along the original equation (16) is

U(x) = VU(x) - k(x) + | (1 - ) (p(b(a") — (a)))v

r v

= VU(x) - k(x) + g(v—v*)(d}(w*) — ¢(x)). (19)

The sign of the second term is clearly indefinite. To control the sign of the sec-
ond term above, we use some unknown differentiable function T'(x), which will be
determined later. The time derivative of T'(z) along (16):

T(z) = T'(2)(A — do — y(z)v)
=T'(z) (=d(z — ") + (Y(z" )" = ¢(2)v))
= —dT"(x)(z — 2") + T'(x) (¥ (2")0" — ¢ (x)v) (20)
We add the second term of (20) and the second term of (19):

(o — o) (") — (@) + T (@) (" 0" — ()v)

r

P <<v — o)) — 6l + ST ) e - w@c)v)) |

To simplifying the second term, we put (r/p)T'(z) = S(z)(¢(x*) — ¢¥(z)) using an
unknown function S(z). Then
(0 =) (@(a") = 9(@) + T @) (Wl 0" = Y(z)o)
=((z7) = ¥(@)) (v = v7) + S(@) (Y (7)o" = Y(2)v))
= (") =) (1 = S(@)v(@))v + (S(@)p(") — 1)o*).
If we put S(z) = 1/¢(x), then the last expression becomes

(8
(4

Then we have

and if we require T'(z*) = 0, we have

[P - )
Tle) = r/z* o ©
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The condition (17) on ¥ (x) can be rewritten as:

Y) @ : Y) =
Ifx <z, > —, and if x > ¥, < —.
Y(a*) — x* Y(a*) — a*
When z* < x, using G 0, it holds that
()

Y(x) \ (¥(=) z\ (Y(z)
(1-3) (57 1) = (-2 (5 1)
When z < z*, the same inequality holds. Then it holds that
p r

2 (0= )@ - vlo) - ST @) - (ao))

=2 (35)

Then we have

o)) = v(@) + T (@)

_opdxt (o p(ar) T\ putp(ar) (o P(a) T
C (-5 (-5 - (- 55) (- 5),
We put V(x) = U(x) + T(x). The time derivative of V(x) along (16) is
V(x) =VU(x) - k(x) + g(v — ) (W(x") = (2)) + T(x)

x*)

IN

o (1-551) (- 2) -2 (1-3) (- )
(15 -2)
< (=20 (- 55) -5
When 7 > p (1 + *1/;(, D), it holds V(x) < 0 and V(x) is a Lyapunov function

at (z*,y*,v*). We note that
1—7 / ¢ df—!—(y y*logy) + l(v—v logv). (22)

*w( ")

By the LaSalle invariance principle, if r > p (1 + >, it is shown that

(z*,y*,v*) is globally stable. When Ry < 1, we can bhOW that disease free equilib-
rium (A\/d,0,0) is globally stable using a Lyapunov function. We omit the detail.

Remark 2. When ¢(z) = Sz, then the Lyapunov function constructed in this
section coincides with that in Iggidr et al. [3].
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3.2. Model with absorption containing an immune variable. We consider
models, with absorption effect, which contain an immune variables explicitly. We
consider the following model incorporating humoral immunity:

& e ¥(x)v, v _ Y(x)v — ay,

dt dt (23)
- Y(z)v —bv — 4 (2) =

T =ary —p v —bv — puz, T vq(z) — mz,

where 1 (z) satisfies the conditions 1 and 2 in Section 3.1, and ¢(z) satisfies the
condition 3 in Section 2.2.

In the section we assume that an interior equilibrium (&, ¢, 0, 2) exists and con-
struct a Lyapunov function of (23) at (&, 9,0, 2). The results on the existence of an
interior equilibrium are described in Appendix D.

We put x = (z,y,v,2) and y = (z,y,v) here. The following model modified from

(16)

L A dr— @, L= —ay,
a at (24)
% = ary — pyp(x)v — (b+ p2)v

is a model with absorption effect and without an immune variable. It has the same
form as the model (16) and has (#,¢,9) as an interior equilibrium. Then by the
argument in Section 3.1, the following function U(y)

1
Ul(y) / W) — v(@) df—i—( g)logy)%—;(v—ﬁlogv)
is a Lyapunov function of (24) at (&,9,0) if r > p < 12( )) holds.
by

As in Section 2, we define V(x) by
V(x)=U(y)+ W(z

1—7 / ¢ d£+(y glogy) + i(v—ﬁlogv) (25)

< (q(_))d

By the calculation in the proof of Theorem 2.1 and that in 3.1, the derivative of V
along (23) satisfies the following inequality:

V(x) <di (1 r( ”Tfl;)» <1A %) (1;”2) A A
Y- ) mele ) (40 al))

z z
), it holds that V'(x) < 0 and V/(x) is a Lyapunov function

(26)

(&)
d

When r > p (
at (Z,4,0, ).

Using the LaSalle invariance principle, it is shown that (Z,g,0, %) is globally
asymptotically stable.

When the interior equilibrium does not exist, in Appendix E we construct a
Lyapunov functions for some boundary equilibria of the model (23) for some cases.
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Remark 3. When ¢(x) = Sz and ¢(z) = ¢z, a Lyapunov function is obtained
in Kajiwara and Sasaki [5]. Similar results are also obtained for cell-mediated
immunity model in Kajiwara and Sasaki [5]. Much calculation is needed in [5],
but the same results are directly obtained using models without immunity by our
method in the present paper.

3.3. Qesmi et al’s model. In this section, using the Lyapunov function con-
structed for a simple model (16), we can construct a Lyapunov function for a more
complex model.

In Qesmi et al. [14], the model which explains relapse after a liver transplant is
presented:

dxl o dyl _
e =\ — fiz1v — di121, i Brr1v — a1y,
dxz dy2
=Ty, _ L — 27
T A2 — Bazov — doma, & Baw2v — agya, (27)
dv
T =k1y1 + kayo — frx1v — Bozov — bu.

We change the variables of the original model to fit the equation to our paper. The
variable £ denotes the amount of uninfected liver cells, y; infected liver cells, v hep-
atitis viruses, xs uninfected blood cells and y, infected blood cells. In the model,
hepatitis viruses infect liver cells and blood cells, and the relapse after a liver trans-
plant can occur. Qesmi et al.[14] shows that the backward bifurcation can occur in
the model. We put x1 = (21,¥1,v), X2 = (22,y2,v) and x = (x1,y1, T2, Y2, V).

We assume k; > aj, ko > as. By Qesmi et al. [14], under some assumption,
backward bifurcation does not occur. We also assume that Ry > 1. Then it is
shown in Qesmi et al. [14] that the interior equilibrium (%1, 91, &2, 2, ) exists.

By the condition of the equilibrium,

b= kl% + k‘z% — B1Z1 — Bae, P1210 = a191, Podad = azfo.
Using these, we have

k1yr + koyo — Bix1v — Bazav — bu

ki —a1)y ko — ao)il
= (kﬂ/l — Biz1v — (1;1)%@) + (k:zyz — Boxov — (2}2)3}2@) .

v

We consider

dx
SN = Brww —dizr, 2 = Biaw —aiy,
dt dt (28)
dv (k1 —a1)in
TS =ky1 — 1m0 — ———0.
t v
We denote by f;(x1) the vector fields given by (28). We also consider
dxs Y2
— =A2 — Powov — dawa,  —= = Pazov — a2y,
dt dt
. (29)
dv o (kg — ag)yg
T =kays — Bawov — —————v.
v
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We denote by fa(x2) the vector fields defined by (29). We put

a . . a .
Ui(x1) = (1 - ki) (1 — #1logx1) + (y1 — Y1 logys) + k%(v — vlogv)
as . “ ag N
Us(xz) = (1 - k‘z) (2 — #2logx2) + (y2 — Y2 logya) + k:(v — dlogwv)
kl N kl ~ A~
V(x) = ;1—1 (1 — Z1logar) + . (y1 — 91 logy1) +v —vlogw

k . k .
+ <2 - 1> (g — o logxa) + (2) (y2 — 92 log ya).
a2 a2
The model (28) is obtained from the model (16), if we replace x by x1, y by y1,
A by A1, d by di, ¥(x) by Biz1, a by a1, r by ki/ai, p by 1 and b by (k1 — a1)g: /9.
The model (29) is obtained from the model (16) similarly.
If the parameters satisfy

k1> ay 1+% ,k?2>a2 1+Lﬁ2 ) (30)
dl d2

by using the calculation in Section 3.1, U;(x1) is a Lyapunov function for (28) at
the interior equilibrium (&1, g1, 0), and Ua(x3) is a Lyapunov function for (29) at
the interior equilibrium (&, g2, ¥), and then it holds that

Ul(Xl) = VUl(Xl) . f1<X1) S 0, UQ(XQ) == VUQ(XQ) . f2(x2) <0

Then we have

. k k
V(x) = VV(x)-f(x) = iVUl(xl) i (x1) + £VU2(X2) fo(x2) < 0.
Thus V(x) is a Lyapunov function for (&1, 91, &2,9=2,0). By the LaSalle invariance
principle, if (30) is satisfied, (&1, 91, &2, §2, ¥) is globally asymptotically stable.

In Qesmi et al. [14], the global stability result using a Lyapunov function is not
obtained.

4. Concluding remarks. In the present paper, we propose a systematic method
to construct Lyapunov functions of complex models from Lyapunov functions of
simpler equations.

It is not easy to construct directly a Lyapunov function of a complex model.
From a simple model without absorption effect and without immunity, we construct
a Lyapunov function of more complex models step by step. Each step is clear and
easy to understand.

We treat models with nonlinear incidence functions with some reasonable as-
sumptions. But it is not easy to construct Lyapunov functions for models with fully
general nonlinear incidence functions especially for models with absorption effect.
This is remained as the future problem. For many infectious diseases, there exist
a lot of strains in pathogen, and we can consider multistrain models of infectious
diseases in vivo. We postpone the construction of Lyapunov functions of multistrain
models in a forthcoming paper.

Our method has many applications. We can use similar arguments for the con-
struction of Lyapunov functionals on delay differential equations and age-structured
equations. We also postpone these problems in a forthcoming paper.
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Appendix.
Appendix A. For the explicit calculation of the existence of an interior equilib-
rium, we treat the following two important cases for g(z), Case A and Case B.

Case A. The function z/q(z) is strictly increasing, lim,_, 02/q(z) = 0 and
lim, 0 2/q(2) = 00. In the case, we put s(z) = mz/q(z).

Case B. ¢(z) = ¢z for some positive constant g.
Appendix B. We present some results on the existence of an interior equilibrium
of the model (9) in Section 2.2 for Case A and Case B.

First we consider Case A. We assume that Ry > 1. We follow the argument in
[2]. We consider the following equations:

A—dr —p(z,v) =0, @(x,v)—ay=0, ary—bv—pzwv=0, wvq(z)—mz=0.
From the above equations, we have the following equations of z and v using z =

s71(v):

- %(bv +psH(v)v) =0,

= é{/\ oz, 0)} = é {)\— i(bv+pzv)} _ é {)\— i(bv—l—ps‘l(v)v)}.

Here s~!(v) is the inverse function of s(z) = mz/q(z). There uniquely exists vy > 0
such that A\ — (1/7)(bvg +ps~—*(vo)ve) = 0, and it holds A — (1/7)(bv+ps~(v)v) > 0
for 0 < v < vg. We put

Hw)=f (; <>\ - %(bv +psl(v)v)> ,v) -

Then we have H(0) = 0, H(vo) = —(1/7)(bvg + s~ ¢
derivative of H at 0

o(z,v)

S

(bv + ps—(v)v).

—~

vg)vp) < 0, and the right

of af b
H' (0) :%(170,0) - %(%70)% -
0 b b b b
:afz(mo,o)—; = ;Ro—*—*(Ro—l) >0

-1
L s ) o 2 a(z)
(™4 (0)(0) = lim — = = lim = = lim S =0.

Then there exists at least one 0 < & < vy with H(9) = 0. We have 2 = s~1(9) > 0,
&=2{N=L(bo+ps(0)0)}, § = (1/a)p(&, ). Since © < vy, we have & > 0, then
y > 0. We conclude that if Ry > 1, their exists an interior equilibrium.

Next we consider Case B. We consider the following system of equations:

A—dx—p(z,v) =0, ¢(x,v)—ay=0, ary—bv—pzv=0, wvgz—mz=0.

Put ¥ = m/q. Then there exists unique 0 < & < A\/d with A — d& — o(&,0) = 0.
The third equation is rewritten as r(A — dz) — bv — pzv = 0. Then the interior
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equilibrium exists if and only if (A — d&) — b0 > 0. It is equivalent to each of the
following:
1 b
@<d<x-$>:n A — dT — (T, m/q) < 0.
Then the interior equilibrium exists if and only if

g (L)),
rq d rq q

Appendix C. We show the existence of the unique interior equilibrium of the
model (16). We consider the equations:

A—de—Y(x)v=0, ¢Y@w—ay=0, ary—uwp(z)v—>bv=0.

From the second equation, it follows y = ¥ (x)v/a. Substituting it to the third
equation, we have ¢(x) = b/(r —p). Since Ry > 1 is equivalent to ¢ (o) > b/(r—p),
there exists a unique z* with ¢¥(z*) = b/(r — p) and 0 < z* < 5. We get v* =
d(xg — x*)/¢(x*) > 0 by the first equation. We also have y* = ¢(z*)v*/a > 0.
Then (z*,y*,v*) is the unique interior equilibrium.

Appendix D. We show the existence results of an interior equilibrium of the model
(23). We treat case A and case B separately. We note that Ry = ri)(zo)/(pt(z0)+b)
with zg = A/d.

We consider Case A. We assume Ry > 1. We use s(z) = mz/q(z) and its inverse
571(z). We consider the following system of equations:

A—dx—¢(x)v=0, ¢Y(@)v—ay=0,

31
ary — pp(x)v —bv —pvz =0, wvq(z) —mz=0. (31)
From these, assuming v > 0 we have
b+pz AN—dzx _
U(x) = ; =5 '(2). (32)

r—p Y(x)

We not that we assume p < r. The first equation is rewritten as:

Z:Tpp<w@>_rﬁp>'

We note that the function (A — dx)/vy(z) of x is strictly decreasing for 0 < = and
A—dz A—dz

lim = 400,
a—+0 (x) Y(x)
On the other hand, the function ¢ (x) —b/(r — p) is strictly increasing for 0 < z and

)| <o 5 o)

x=0 p r—pe
because Ry > 1. Then the two curves defined by (32) have a unique intersection
in {(x,2)]0 <2 < A/d, z> 0}. There exist a unique (Z, %) satisfying (32) with
Z >0, 2> 0. We can determine v > 0 and § > 0 from the second and firth
equations in (31). We conclude that if Ry > 1, there exists an interior equilibrium.
If Ry <1, there exists no interior equilibrium because

T;p(ww)_rfp)

=0.
z=\/d

>0,
z=\/d

<0.
z=\/d
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We consider Case B. When Ry > 1, it is shown in Section 3.1 that the model

L oy dr— @, L=y —ay,

v
iy i — =ary — py(x)v — b (33)

d
dt
without z has an interior equilibrium (z*, y*,v*), where

A—da”
()

We consider the following system of equations:
A—dx—¢(z)v=0, ¢(@)v—ay=0,

34
ary — p(x)v —bv —pvz =0, wvgz—mz=0. (34)

If z > 0, v must be v = m/q(= v). For v = ¥, since f is strictly increasing and
1(0) = 0, we have a unique 0 < & < A/d = z¢ with A — dZ — ¢(&)9 = 0. From the
second and third equation of (34), we have ((r — p)i(x) — b)v = pvz. Then there
exists a positive 2 if and only if (r — p)¢(Z) — b > 0. The inequality shows that
Ry > 1, and (r—p)y(2) —b > 0 = (r — p)y(z*) —b = 0. The condition is equivalent
to & > x*. The condition & > z* is rewritten as A — da* — ¢ (2*)0 > 0, and using
P(x*) = b(r — p), © = m/q, and the monotonously of ¢, we can show that it is

equivalent to
1 m b b
G0 Tem) ()

We conclude that there exists an interior equilibrium if and only if (35) is satisfied.

Appendix E. We construct a Lyapunov function for the model (23) for some
boundary equilibrium for Case A and Case B, when an interior equilibrium does
not exist.

First we consider case A. If Ry < 1, then the interior equilibrium does not exist.
‘We put

O PR R Y
V(x)/xo T s oy v | sryar @)

r—p r—p m(r —

Then the time derivative of V' along (23) is

- ¥(zo) b P
Vix)=-d|1- — — — . 37
o == (1= ) )+ (vlaw) = 2 o= Loz @)
If Ry <1, ¢¥(xg) —b/(r — p) <0. Thus the time derivative of V(x) is nonpositive,
and V(x) is a Lyapunov function at (A/d,0,0,0).

Next, we consider Case B. For the case where Ry < 1, exactly the same Lyapunov
function as in Case A for Ry < 1 works. We assume 1 < Ry and the inequality (35)
does not hold. Then there exists an equilibrium (2*,y*,v*,0), which corresponds
to the interior equilibrium of (33), where z* > 0, y* > 0 and v* > 0. We use the
function V(x) in (22), and define W(x) by

¥(§) — (=)

W(x):<1—;) /x Wd§+(y—y logy)+;(va logv)Jrrq;&
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Then by (21) the time derivative W (x) is

=t (15 (52)) (- 55) (- 5)
Y(x*) vy y*w(x)v) D

+'(/J($*)U* (3—w(x)—vy*—y¢(x*)v* +;(’U*—QA})Z

When (35) is not satisfied, we have v* < 9. Hence under the condition r >

p(
at

1

2
3
4
5
6
[7
8
9
[10
[11
[12
(13

[14

14 v*(z*)/(dz*)), it holds that W (x) < 0, and W (x) is a Lyapunov function
(x*,y*,v*,0). It is shown that (z*,y*,v*,0) is globally asymptotically stable.
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