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Abstract. In the present paper, an infinite system of nonlinear functional equations arising in the
theory of epidemics is investigated. We prove a constructive theorem on the existence of a non-
trivial, continuous and bounded solution of the system. In addition, some asymptotic properties of
the constructed solution are studied. We conclude the study by applying our theoretical results to
two concrete examples arising in spatial-temporal spread of epidemics and in p-adic string theory.
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1 Introduction. Formulation of the main result

In this paper we study the following infinite system of nonlinear functional equations with the
Toeplitz matrix:

_2_: a;_ J/H —7))dr, (1.1)

where u;(t), i € Z represent the unknown real functions.
For our purposes we assume

H(t)>0; 7€eR":=]0,+00); /H (1.2)
0
a_; = aj, Z a;=1; a;>0; a; | by i on Z" =NU{0}, i€ Z (1.3)

A solution {w;(t)}iez, to (1.1) has to be defined at least on the interval (—oo, T).
Let n be the first positive root of the equation

g(u) = u. (1.4)

We assume that ¢ is a continuous and monotonically increasing function on the interval [—n,7]. In
addition we let g be an odd function on [—7, 7] as well as g(u) be convex upward on the interval [0, n].

Notice that the monotonicity of the function ¢ implies the existence of the inverse function
Q = ¢!, which increases monotonically on the interval [—n,n| and is convex downward on the
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interval [0, n].

1
We additionally assume that for ¢ = zao, e € (0,1), there exists a number £ € (0,7) such
that
Q(u) < eu, uel0g (15)

From the properties of the function g we have

Q(—u) = =Q(u), u & [=n,7]. (1.6)

Observe that, because of g(0) = 0, system of equations (1.1) has a trivial solution. Further we aim
to construct a non-trivial bounded solution of system (1.1).

It is worth to mention that system of equations (1.1) has a direct application in mathematical
biology. It describes the geometrical propagation of epidemics (see [1]-[3]). This will be a subject
in the last section of the paper, where we consider two boundary value problems arising in
spatial-temporal spread of epidemics and in p-adic string theory.

Now let us state the main result of the present work.

Theorem 1.1. Let conditions (1.2)-(1.6) be fulfilled. Then infinite system of nonlinear functional
equations (1.1) has a non-trivial, continuous and bounded solution u;(t), i € Z. Moreover,

a) wug(t) =0 for eacht € (—o0, T,

b) u_(t) = —u(t),i=0,1,2,..,

c) wu;(t) is increasing in t on the interval (—oo, T, i € Z,
d) w(t) is increasing in i on Z,

e) lim wu(t) = +£n for any t € (—o0,T].

i—+oo

Before proceeding to the proof of the main result, we prove some auxiliary facts needed hereinafter.

2 Auxiliary facts

We consider the following auxiliary infinite system of nonlinear algebraic equations:

o0

Q(IZ> = Z Qi—;Ty, 1 €L (21)

j==o0

with the unknown column vector # = (...x_ 9,21, Tg, T1, 29, ...) .

Together with equation (2.1) we consider the infinite system of nonlinear algebraic equations

Q(Tz) = Z(ai_]’ - CZH_]')T]‘, 1€ Z+ (22)
=0

J

with the unknown column vector
T = (70, T1, T2, )T (2.3)
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Taking into account relation (1.6), it is easy to verify that x; and 7; are related by the formula

Tis if i€ 7+
x“_{—ﬂﬁifiEZ\Z+' (2.4)

The following theorem holds.

Theorem 2.1. Let conditions (1.3)-(1.5) be satisfied. Then the infinite system of nonlinear al-
gebraic equations (2.2) has a non-negative, monotonically increasing and bounded solution T =

(70,71, T2, ...) 1. Moreover,
lim 7, = 7. (2.5)

1—00
Proof. Let g > 1 is a fixed number. First of all we consider the following characteristic equation:
o0
> aq M =e, (2.
1
where £ = —;a07 e € (0,1).

Observe that equation (2.6) has a unique positive solution. Indeed, denoting

= Z aiquh'l - g, p> 07

1=—00

we may state that

f(p) Lin p on R,

> l4+ag 1—ag
0) = —e=1-— = > 0,
ﬂ)igy 3 5 5
-1
f(4o0) = CL02 < 0.

Using the Bolzano-Cauchy theorem, we conclude that there exists py > 0 such that f(py) = 0. We
fix this number py and bear it in mind for our further discussions.
Now, using equation (2.2), we consider the following iterations:

mﬂ) m(l )
( jz ~ = )Ty (2.7)

D =p m=0,1,2..., i=012,....

It is obvious that Ti(n) >0, i €Z", n€Z" We state that the sequence Ti(”) is decreasing in n for
every fixed 7. Indeed

Q (Ti(l)) = UZ(C%;J' — iyj) < nzaifj <n=Q(n),
=0 =0

i e. Ti(l) <n= Ti(o) . Assume that the inequality
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is satisfied for some n € N. We show that the inequality holds for n + 1 as well.

Indeed,
Q (Ti(n+1)> S Z(ai—j - ai+j)Ty‘(n_1) =Q <Ti(n)> ~
=0
Since @ 1 on [0, 7] we obtain
Ti(nH) < 7™

— 1

(n)

Next we show that the sequence 7;" is bounded from below, namely

>l —g ™), i€zt (2.8)

where £ is the positive root of the equation Q(u) = eu. Since & € (0,7), we get n = 7- ) > E(1—qPov).
Assume that (2.8) holds for some natural n. Having in disposal the properties of the function ), we
obtain

Q (") = sz (05— as) (=g ™) 2 21— g ™) 2 QE(1—q ™), (29)
where we used the inequality

oo

Yot —a)(1—g ) >e(l—q ™), icZt (2.10)
5=0

and condition (1.5).
To prove that inequality (2.10) is true, we first show the following inequality:

m

S ag™ + ¢ Y ag P >, me Lt (2.11)

1=—00 i=m+1

Denote by R,, the following difference:

m

oo
Roi= ) ag™ +¢™™ Y ag ™ —¢

1=—00 i=m+1

Due to (2.6) we have

Zalq”‘)Z%—Zaqp“ e—ZaqPOH =0,

1=—00 1=—00

Ry — Ry = Zam+j+1qp°(m+1_j) : (1 — q_2p°) > 0.
=0

Hence R,, 1 inm and R,, > Ry =0, m € Z" which means that inequality (2.11) holds.
Using (2.1), it can be stated by direct calculation that

oo

Z i — Qi) (1—q_p°’) —1+am—22a2

=0 (2.12)

—pbom § aqp01+qpom§ a;q po%

1=—00
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Now employing estimate (2.11), one can prove that

1+apm — 22@2- —qPm Z aiq’" +qp°mZaiq_p°i >e(l—g™m).

i=m i=—00 i=m

Denote by L,, the following difference:

L, ::1—|—am—2iai_q;ﬂom i aiqp0i+

1=—00

Pomzaqpol_ 1_q—p0m)7 m€Z+.

Observe that Ly = 0. After snnple transformatlons we get

Lot = L > (g7 = 1) g 7"+ <Z aig™ + ¢ Z a,g " — ) (2.13)

1=—00 1=m+1

Due to (2.11) and (2.13) we obtain
L, tin m on Z*.

Thus
Ly, > Lo = 0,

from which the validity of required inequality (2.10) follows immediately.
It should be mentioned that the continuous analogue of inequality (2.10) has been proved by one
of the authors of the present paper in [4].

Thus
lim 7™ =7, i=0,1,2,....
n—oo
Now we show that the inequality
> M nent, iezt (2.14)

holds for every n € Z*. This inequality is obviously satisfied for n = 0. Assume that (2.14) holds for
some natural n € N. We rewrite iteration (2.7) in the form

Q) = 3 ity - za,ﬂ

j=—00

In view of monotonicity of {a;}°__ with respect to i € Z+ we can write

+1 [es)
n+1 n n
@ (Ti(J )> - Z am&%,j - ZaiHﬂ‘Tj( ' >
= §=0 (2.15)
> 3 ot - S - ().

j=—o00

From the last it follows that (2.14) holds. Therefore the sequence 7; = lim 7'( "

n—oo

increasing in i. We pass to the limit as i tends to infinity on both sides of (2.2). Since 7 is the first
positive oot of the equation Q(n) = n and £(1 — ¢77°%) < 7; <7, we get lim 7; = 7.
1—00

is also monotonically

Finally, using (2.4), we obtain

lim z; = £n. (2.16)
i—Fo00
O
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3 Proof of the basic result

Now we prove Theorem 1.1 formulated in the previous section. To begin with, we consider the
following iteration:

with {7; }icz+ representing solution of (2.2).
First we prove that
0 <4 (t) < (3.3)

and wi(n)(t) is monotonically increasing in n for each i € Z* and each t € (—o0,T]. Using the
inequality
0<yP) <, iezt

for the first approximation, the monotonicity of the function () and the inequalities
ai—j > ai+j, H(t) >0, 7 € [0,400),
from (3.1) one can conclude that
o<y <y, i€zt (3.4)

Next we show that
V) > 000, i € Zt, te (—o00,T).

Indeed, using (3.1), we can write

Q(0) <0 [ HE) D (o = ) dr <43y < 0= Q)

or
() <n, i€zt

On the other hand, from (3.1) and (2.2) it follows that

QM) > / (1= eI H(T)dr Y (ais = aivs)7; 2

oo

> Q1) /(1 — e(t*T*T))H(T)dT =Q(n) | 1- /etTeTH(T)dT =

0

— Q) [1—eT / eTH(T)dr | > Q(r)(1 — 7).
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Since 7; € [0,7], 0 < 1 — €7 < 1 and the function @ is convex on [0,7)], the following inequality
follows immediately from the Thales theorem:

(1-e"MQ(r) = Q (r(1 =€ 7)) . (3.5)
Hence, in view of the monotonicity of the function (), we have
() 2 (1= ) =" (t), ezt
Now we assume that for some n € N the following inequalities hold:
M) > " V() and 0 < WM () <, i € ZT, t € (—o0, T,

Taking into account (3.1), the inequalities a;,—; > a;y;, @, j € Z*, H(t) >0, t¢€ (—o0,T], it can
be easily shown by induction on n that

0 <y () < ") <. (3.6)

Inequalities (3.3) ensure that the limit

lim " () = (1)

n—0o0

exists, where 1;(t) satisfies the equation

Qi(t)) = Z/H(T)(al i — i)t —T)dr, 1 €L (3.7)

It remains to show that
M) int i, i€z

Thus can be done in a similar way as for the sequence 7; (see also below the proof of statement d)).
Passing to the limit in both sides of equation (3.7) as i tends to infinity, we get

/woo H(t — 7)dr, (3.8)

where ¥ (t) 1= ILm Ui (t).

Here we used the well known convolution property (seel5|)

1—+00
j=—00 Jj=—00

Zlgg) Z(ai,j — Qiy;)Y;(t — 1) = lim Z a;i—j it —7) = Yoo (t — 7) Z a; = Pt — 7).
j=0

It has been proved in [3] that equation (3.8) has only the trivial solution 1. (t) =7, t € (—o0,T],
in the class of positive, continuous and bounded by 7 functions.
We construct the function W;(t) as follows:

o ), i ieZb, te (oo, T
Wilt) = { —pi(t), if i€ Z\ZT, t € (—o0,T). (3.9)
By direct checking one can see that the sequence of functions W;(t) is increasing in t for ¢t €
(—00,T], i€Z.
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Now we show that the sequence Q(W;(t)), i € Z, satisfies the initial infinite system of nonlinear
functional equations (1.1).

Indeed, first we verify the case, where ¢ € Z*. We have

Q(Wi(t)) = Q(i(t)) =

0\8

H(T) Z (@imj — aivy) it —7)dr

= /H(T) Z a; kUt — 1) dr — /H(T) Z aipji(t — 1) dr =

:/H(T)Zai_wk(t—f) /H Z ai i (t — 1) dT
—/H(T)Zaz_kwk(t—T)dT—i—/H(T) _Z a;i— Wi (t —71)dr =
0 k=0 0 k=—00
:/H(T) Z a;_ Wie(t —7)dr

Here we bear in mind that 1y(t) = 0.
Let i € Z\Z", t € (—o0,T], then

H(T) Z a;_ kg (t —7)dr =

k=—00

I
0\8 o
=
2
M -
RS
J;
=
|
3
oW
\]
|
\8 -
|

Since @ is the inverse function of g on [—7,n] and

—n < Wl(t) < 7, te <_007T]7
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from (1.1) it follows that
ui(t) == Q(Wi(t)), 1€Z (3.10)

satisfy initial system (1.1).

It remains to prove statements a)—e) of Theorem 1.1.
Statement a). In virtue of a_; = a; we have

wo(t) = QW (1)) = / H(r)S a; — ag)olt — 7)dr = 0. (3.11)

5=0
Statement b). Recalling that @) is an odd function, we obtain
u_i(t) = QW_i(t)) = Q(=Wi(t)) = —Q(Wi(t)) = —uy(t). (3.12)

Statement c). Let t; > t5. Due to the monotonicity of W;(t) in ¢ we have

w;i(t1) = Q(Wi(ty)) /H Z a;,_jW;(ty — 7)dr >

]_700

(3.13)
/H ai_jVVj(tg —71)dT = Q(W;(t2)) = wi(ta).
j=—o00
Statement d). First of all by induction we prove that
M) 1 ind, i€zt
Since 7,41 > 7;, then the inequality is obviously satisfied for n = 0,

0(1) <o)

We assume that it is true for some natural n. Let us verify the statement for n + 1:

Z.ﬁrl /ZH (@it1—; amﬂ)w( )(t —T)dr
7=0

00 i1 oo
:/H Z aka_l k T dr — /H ZaerlJr]w )
0 0

/ H(r zaw (¢ = r)dr — [ H) Y aeyul (¢ = 1y = QI (D).

In view of monotomclty of the function @) it follows that

ORI O}
Hence the limit function as n — oo will be increasing in i. Since W;(t) are the odd extensions of
Yi(t) on Z\Z*, then W;(t) 1 in i. Due to the monotonicity of ) we can assert that the functions
u;(t) :== Q(W;(t)) are also increasing in i.
Statement e). Using the continuity of () and taking into account the fact
lim Wi(t) = <,
i—+o0

we obtain

lim (1) = lim_ Q(r(1) = QUlim_4:(1)) = Qe (1) = Q) =

i——+00 i——+00

Analogously, lim wu;(t) = —n.
1——00
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4 Application to epidemic and p-adic string theories

I) Theory of epidemics. There exist different types of infectious diseases in the world. Each year
over a million of people die from these diseases and few millions are infected. Such infectious diseases
circulate among animals and plants as well. There are various mathematical models describing the
spread of infectious diseases. Among these models the one describing the spatial-temporal propaga-
tion of epidemics is of particular importance. In 1978, O. Diekmann [1] derived a model driven by a
nonlinear integral equation. To describe the spread of epidemic several authors distingwish between
at least two groups of population: susceptible individuals S and infective individuals I (see [1]-[3]).
In the framework of continuous time many ecological systems are better modelled when one considers
discrete space coordinates in contrast to continuous ones. It is also assumed that the population size
is large and constant, i.e. S 4 I = const.

Let now S;(t) := S(t, x;) be the density of susceptible individuals at the time ¢ and at the position
z;, i € Z. Let further A;;(7) := A(7,2;,z;) be a matrix function which describes the infection of a
susceptible person at the position z; from a person being infected 7 time ago and located at the point
z;. Let B;(t) = B(t,x;) be defined as the rate at which susceptible individuals become infective,

Bi(t)= Y /Aij(r)%dr, i,j €. (4.1)

Jj=—00 0

Using all above notations, the basic equation describing spatial-temporal spread of epidemic can be
written as follows:

S;(t)
ot

We complete the last differential equation with the appropriate boundary conditions, namely

— _S,(t)B,(t), i€ (4.2)

S(—o00, ;) = Sy = const, 1€ Z. (4.3)

The solution S;(t) of system (4.1)-(4.2) is defined for t € (—o0,T]. We assume that the duration of
illness 7 and space variables x; are independent,

Aij(T) = vH(7)bij, i, j € L. (4.4)

We assume also that the spread of epidemics depends only on the distance between two individuals,
which in turn means that

bij = Qj—j, i,] € Z. (45)

The function H(7) in (4.4) describes the evolution of the spread of epidemics and satisfies conditions
(1.2). The constant = is the so-called epidemic parameter. Taking into account (4.1), (4.4), (4.5) and
boundary condition (4.3) and integrating equation (4.2) with respect to ¢, we obtain the following
infinite system of nonlinear functional equations:

w;(t) = Z /ain(T)So")/<1 —ew"Ndr, e’ (4.6)
J=7%0¢
with the concrete nonlinearity
g(u) = Soy(1 —e™). (4.7)
Here
ui(t) = —1 SIS (4.8)




62 A.Kh. Khachatryan, Kh.A. Khachatryan

It is obvious that the inverse function () can be written as

lngi, it we|0,S7],
Q(u) = 70 (4.9)
20 i we [<Syy, 0]
7504_“7 07, Y.

As for the number 7, we have n € (Spv — 1,50 7).
It can be easily verified that all conditions of Theorem 1.1 are satisfied.
Remark 1. In 1978, O. Diekmann first derived the mathematical model of epidemics driven by
the following integral equation:

u(t,z) = //V(:U — ) H(1)Soy(1 — e ™) drdy, t € (—o0,T], z€R" (4.10)

0 Rn»

(see [1]). In [3]| the existence theorems for equation (4.10) in the case of general nonlinearity have
been proved. Notice that equation (4.6) is a discrete analogue of integral equation (4.10), where
n=1.

Remark 2. It is clear that the one-dimensional case for the spread of epidemics (i.e. spread along
the line) is not realistic. More realistic two-dimensional medium must be therefore considered, but
it is the scope of the present work.

IT) p-adic string theory. The string theory is one of the most developing branches of mathe-
matical physics. p-adic string theory has special and important place in the general string theory. It is
based on nonlinear pseudo-differential equations. Among them an important role plays Vladimirov’s
equation [6]

u(z) = / K(z—)Y/u@dt, z€R, (4.11)

1
where K (2) = —e™* and p > 2 is an odd number.
T

It has been shown in [6] that equation (4.11) has a bounded, monotonically increasing solution.
This result of V.S. Vladimirov and Ya.l. Volovich has been generalised for a arbitrary kernel K

satisfying K(z) > 0; [ K(z)dv =1; K(—z) = K(x) by one of the authors of the present work

(see [4], [7]).
The discrete analogue of equation (4.11) takes the form

o0

wi= Y iy, (4.12)

j==o0

where a; = K(x;), i € Z, p > 2 is an odd number.

Notice that in the special case when H(7) = 6(7), where 6 is the Dirac delta-function, equation
(1.1) becomes system (4.12) with the nonlinearity g(u) = ¥/u.

Observe that the inverse function @ of the function g is given by Q(u) = w?, u € [—n,n], where
n is the first positive root of the equation u? = u, i. e. n = 1. It is easy to check that all conditions
imposed on g and @ are fulfilled.
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