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Abstract. The uniqueness of positive solutions of Susceptible-Infectious-Recovered-Deceased (SIRD)
epidemic model is investigated and it is shown that there exists one and only one solution of an initial
value problem for SIRD differential system in the class of positive solutions. Our approach is based on
the uniqueness of positive solutions of an initial value problem for some nonlinear differential equation
of first order which is satisfied by the number of recovered individuals R(¢).
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1 Introduction

In 1927, Kermack and McKendrick [4] proposed the Susceptible-Infectious-Recovered (SIR) epidemic
model. Various epidemic models have been studied so far, and effort has been made to establish exact
solutions of epidemic models in recent years. We refer the reader to [1,3,5,7] for exact solutions of SIR
epidemic models and to [6,8] for exact solutions of Susceptible-Infectious-Recovered-Deceased (SIRD)
epidemic model or Susceptible-Exposed-Infectious-Recovered (SEIR) epidemic model. It seems that
little is known about the uniqueness of positive solutions of epidemic models. The purpose of this
paper is to establish the uniqueness results of positive solutions of an initial value problem for SIRD
epidemic model. Our approach is an adaptation of the standard arguments using a Lipschits condition.
Since a positive exact solution of SIRD epidemic model is derived in [6], we conclude that there exists
one and only one solution of an initial value problem for SIRD differential system in the class of
positive solutions.
We are concerned with the initial value problem for the SIRD differential system

ds(t)
— = ~PSOIE), (1.1)
MO ss(0y16) ~ 1) (), (1:2)
%ﬁ) o (1.3)
DU _ urr (1.4)
for t > 0, subject to the initial conditions
S5(0)=5, I(0)=1I, R(0)=R, D(0)=D, (1.5)

where 3, v and p are the positive constants, and S , I , E, D are the constants satisfying the following
hypotheses:

(A1) S+ 1+ R+ D = N (positive constant);

7
<
(As) 0< D < 6log(1+(5 )

By a solution of system (1.1)—(1.4) we mean a vector-valued function (S(¢),I(¢), R(t), D(t)) of
class C1(0,00) N C[0,00) which satisfies (1.1)—(1.4). A solution (S(t),I(t), R(t), D(t)) of the SIRD
differential system (1.1)—(1.4) is said to be positive if S(t) > 0, I(t) > 0, R(t) > 0 nd D(t) > 0 for
t>0.

Associated with every continuous function f(t) on [0, 00), we define

f(o0) := lim f(2).

t—o0

2 Uniqueness of positive solutions of SIRD differential system

In this section, we discuss the uniqueness of positive solutions of the SIRD differential system and,
consequently, we deduce that there exists a unique solution of the initial value problem (1.1)—(1.5) in
the class of positive solutions.

We need the following three theorems before discussing the uniqueness of positive solutions.



124 Norio Yoshida

Theorem 2.1 ([6, Lemma 1]). Let (S(t), I(t), R(t), D(t)) be a solution of the initial value problem
(1.1)—(1.5) such that S(t) > 0 fort > 0. Then R(t) satisfies the nonlinear differential equation of the
first order
/() = ~ D+ PR GeB/MR /MR _ B
R(1) fy(N Do+ =R Sele (1+7)R(t)), t>0, (2.1)
and the initial condition

R(0) = R. (2.2)

Remark 2.1. If I(t) > 0 for ¢ > 0, then R(¢) is increasing on [0, c0) because R'(t) = vI(t) > 0 for
t > 0. Since R(0) = R > 0, it follows that R(t) > 0 for ¢ > 0. Similarly, it can be shown that D(t) > 0
fort > 0if I(t) >0 for t > 0. If S(t) > 0 and I(¢) > 0 for t > 0, we observe that R(t) is increasing
on [0,00) and R(t) = N — S(t) — I(t) — D(t) < N. Therefore, there exists the limit R(co).

Theorem 2.2 ([6, Theorem 1]). Let (S(t),I(t), R(t), D(t)) be a solution of the initial value problem
(1.1)—(1.5) such that S(t) > 0 and I(t) > 0 fort > 0. Then (S(t),1(t), R(t), D(t)) can be represented
in the following parametric form:

S(t) = S(p(u)) = SeP/My, (2.3)
I(t) = I(p(u)) = N — D + %E — SelIMBy 4 W_TM log u, (2.4)
R(t) = R(p(u)) = —% logu, (2.5)
D(t) = D(p(u)) = —% logu+ D — %E (2.6)

for e=(B/ME(2) < 4y < e*(ﬂ/v)ﬁ, where

o~ (B/ME

$(€) = BN — BD + % R~ 85eB/Me 4 (7 + ) loge. 27)

with (&) being

Theorem 2.3. Let (S(t) I(t), R(t), D(t)) be a solution of the initial value problem (1.1)—(1.5) such
that S(t) > 0 and I(t) > 0 fort > 0. Then we find that

S(t) = SeB/MR—(B/MR®), (2.8)
I(t)= N — D+ "R - 5elB/MRe—B/MR0) _ (1 4 H) R(t), (2.9)
vy v
= b M
D(t)=D-=R+"°R 2.10
(t) R (t) (2.10)

fort>0.

Proof. Tt follows from (2.5) that
w = e~ (B/MR®) (2.11)

holds. Substituting (2.11) into (2.3), (2.4) and (2.6), we obtain (2.8), (2.9) and (2.10), respectively. O

We define the function f(r) by
)= (N =D+ B R = 8e®mRe-Grir — (14 8)0), >0,
7 g

Since B N
f(r) = 656(/3/’7)R€—(6/W)T —(v+p),
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we have _ _
|f/(r)| < BSePBIME 4 (4 4+ 1) (= K)
and hence f(r) satisfies the Lipschitz condition on (0, c0) with Lipschitz constant K, i.e.,
|f(r1) = f(r2)] < Klri —rof (2.12)
holds for all ry,73 € (0,00) (cf. Coddington [2, p. 208]).

Theorem 2.4. Let R;(t) (i = 1,2) be solutions of the initial value problem (2.1), (2.2) such that
Ri(t) >0 fort>0 (i =1,2). Then we observe that

R1(t) = Ra(t) on [0,00).

Proof. Integrating (2.1) with R(t) = R;(t) (i = 1,2) over [e,¢] (¢ > 0), taking the limit as ¢ — 40
and using (2.2), we obtain

Ri(t) =R+ [ f(Ri(s))ds (i=1,2)

— o
-~

(see, e.g., Coddington [2, p. 200, Theorem 4]). We easily see that

Ry ( — f(Ra(s))) ds

o\

and therefore
t
|Ry(t) / f(Ra(s))|ds < K/|R1 Ra(s)|ds, t>0 (2.13)
0

by taking into account (2.12). If we define

)= [ |Ri(s) — Ra(s)| ds,
/

W'(t)— KW(t) <0, t>0,

we observe, using (2.13), that

or ,
(e "W (t)) <0, t>0.

Hence e~ X! (¢) is nonincreasing on [0, c0) and we see that
e KW (t) <W(0) =0, t>0,

ie.,

W(t) <0, t>0. (2.14)
Combining (2.13) with (2.14) gives

and therefore we see that
Ri(t) = Ra(t) on (0,00).

Since R1(0) = Ry(0) = R, we conclude that

R1(t) = Ra(t) on [0,00). O
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Theorem 2.5. Let (S;(t), I;(t), Ri(t), Di(t)) (i = 1,2) be solutions of the initial value problem (1.1)—
(1.5) such that S;(t) > 0 and I;(t) > 0 for t > 0. Then we see that
(t

(S1(8), 1o (8), Bu(2), Di (1)) = (S2(t), I2(t), Ra(t), Da(t)) on [0,00).

Proof. First, we note that R;(¢t) > 0 and D;(t) > 0 for ¢ > 0 (i = 1,2) by Remark 2.1. It follows from
Theorem 2.3 that

Si(t) = S
L(t)=N

7

— Ge(B/MR,—(B/7)Ri(t)
D+ PR GeB/MR~(B/MRit) _ (1+ H)Ri(t)’
gl

D
Di(t)=D — %R+ %Ri(t)
for t > 0 (i = 1,2). We observe, using Theorems 2.1 and 2.4, that
R1(t) = Ra(t) for t >0,
and therefore we find that
S1(t) = Sa(t), Ii(t) = Ix(t) and Dy(t) = Do(t) for t > 0. O
Let a be the unique solution of the transcendental equation

= F(N,D, R, jt) — —L— GeB/MEe=(8/)a 2.15
( ) P (2.15)

such that R < a < F(N, D, E,’y,u) < N, where

v 75+MR

F(N,D,R,,p) =
( ) vt 'y+u Y+

(cf. [6, Lemma 2.4]).
We note that the hypothesis (A4) is equivalent to

(A})) R>0and N — D > Se3/ME + R,

since N—D=S+T+Rand S+1 > SeB/ME,
We assume that the hypothesis

(Ag) § < “YJFT# o(B/7)(a—R)

holds. We easily see that (Ag) is equivalent to
LR s tp
(Af) 3 >N-D+E 5 PR- 5 «
in light of
SeB/MBe=B/ma _ Ny _ Py PR _TTH,
Y Y
The following theorem is due to Yoshida [6, Theorem 2.5 and Remark 3.15].

Theorem 2.6. Under the hypotheses (A1)—(As), the function (S(t),I(t), R(t), D(t)) given by
S(t) = Se®MFe7 1),

It)y=N—-D+ Br- ge(ﬁ/V)ngl(t) + W"gﬂ log ™1 (t),

=2

R(t) = —% log ™! (1),

D(t) = f% loge '(t)+ D — =R

==
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is a positive solution of the initial value problem (1.1)~(1.5), where ¢~ (t) denotes the inverse function
of ¢ : (e B/Me e=B/ME] 5[0, 00) such that

e—(B/E
_ _ dg
t=plu) = / 0

with (&) given by (2.7).
Remark 2.2. Since o = R(o0) and I(c0) = 0, it follows that
Bp_otmr,

Y Y
:N_R@g—cymm+ﬁ—%é):N-R@ﬂ-p@g—umy:am)

N-D+

(cf. [6, Theorems 3.3 and 3.5]). Therefore, (Af) reduces to

(AZ) % > 5(c0).

Tt is easy to see that the hypothesis (Aj) is equivalent to
(AL) D>0and N — R> Se®wD 4 D.
Under the hypothesis (As), the transcendental equation
y = G(N, R, 13,/1, v) — # SeB/mD o=(8/my (2.16)

has a unique solution «, such that
D <a, <N,

where

G(N,R,ﬁ,u,fy):: Py 2 Ry T D
ol e’ Aty

We see that (2.15) is equivalent to (2.16) under the transformation

and therefore we obtain

Since B B B
e(B/M(a=R) _ o(B/M(v/m)(e=D) — o(B/w)(@s=D)

we find that (Ag) is equivalent to

(A7) §<:Higlewmnm*fﬁ>

which reduces to

[+ =y~ pty
AYVETY SN R+ ID
(A7) B [ 1

Oy

in view of
.

GeB/mD=B/wae — N _ T p_FET,
u 1
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Theorem 2.7. Under the hypotheses (A1)—(Asg), the function (S.(t), L.(t), R«(t), Di(t)) given by

S.(t) = SeP/mP L), (2.17)
L(#)=N-R+ % D — SeB/mD =14y 4 “’# log o7 1(1), (2.18)
R*<t>=—% log o, 1 (t) + R — gi (2.19)
D.(t) =~ logi (1) (2.20)

is a positive solution of the initial value problem (1.1)—(1.5), where o *(t) denotes the inverse function
of s 1 (e~ (B/meax =(B/MD] 0, 00) such that

e~ (8/w)D

t=pulu w*

with . (&) being )
() = BN = BR-+ 22 D - ZePP¢ 1 (1 ) loge,
and we find that
(S.(t), L(t), Ru(t), Dy (1)) = (S(2), 1(t), R(t), D(t)) on [0, 00). (2.21)

Proof. By starting our arguments utilizing (1.4) instead of (1.3) in [6], we see that (2.17)—(2.20) is a
positive solution of the initial value problem (1.1)—(1.5) (cf. [6, Remark 3.16]). The identity (2.21)
follows from a result of Yoshida [6, Remark 3.16]. O

We are now ready to state our main theorem about the existence and uniqueness of positive
solutions to SIRD differential system.

Theorem 2.8. Assume that the hypotheses (A1)—(Ag) hold. The function (S(t),1(t), R(t), D(t))
given by

S(t) = SeP/MRp=1(1) = Se@/mPip (1),

I(t)=N — D+ BR_ ge(ﬂ/“y)égp_l(t) + 7;” log o 1(¢)

=N—-R+21D—GeWB/mDy=1() 4 ”;7 log ;' (1),

-2

=

R(t) = f% log o} (1) = f% log o7 () + R — =

p 1 T
D(t)=—=logy " (t)+D—=R=—=logp, (t
(t) 3 (t) 5 5 (t)
is a positive solution of the initial value problem (1.1)—=(1.5) and is unique in the class of positive
solutions.

Proof. The conclusion follows by combining Theorems 2.5, 2.6 and 2.7. O

Remark 2.3. The function R(t) = —(v/8) log o~ (t) = —(v/8)log o1 (t) + R — (v/p)D is a unique
solution of the initial value problem (2.1), (2.2) in the class of positive solutions. In fact, we obtain

I ( ()) 7 1 1 _ T -1 _7 —1
RO=-5000 = 5 peim 7w = 5 (Ve o) = 5ue o)

=2 (BN = 5D+ 2 R B3R 0) 1 (04 ) log (1)

7( N_D4+ R _GeB/ME~B/MRE _ WT“ R(t))

Q
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in view of ¢~ 1(t) = e~ (B/NE® and therefore R(t) is a solution of (2.1). Since

R(0) = —% logp~1(0) = _% log e (B/IME — .

we see that R(t) satisfies (2.2). The uniqueness and the positivity of R(¢) follow from Theorems 2.4
and 2.6, respectively. Analogously, we have

—1 /
7 ey (1 Y -
R = -3 50l - T
= 'y<N ~R+ %ﬁ — g’e('@/“)ﬁ@;l(t) + ﬂ;’y loggo;l(t))
- 7( N—D+ MR _5eB/mME~6/mRE) _ LT R(t)>
v v
and
R(0) = —zlog@,:l(())—i—ﬁ— Ip=-1 loge™(B/WD 4 R Ip=D+R-1ID=R
B % % 1% 1
We note that B B
P () = e PWPBMBLT @) and (@7 () = vu(pi (1))
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