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Abstract—We consider a nonlinear integral equation on the whole line with a Hammerstein—
Stieltjes integral operator whose pre-kernel is a continuous distribution function. Under cer-
tain conditions imposed on the nonlinearity, we prove constructive existence and uniqueness
theorems for nonnegative monotone bounded solutions. Some qualitative properties of the
constructed solution are also studied. In particular, the results proved in the paper contain a
theorem of O. Diekmann as a special case.
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1. INTRODUCTION

In this paper we study the following class of nonlinear integral equations of the Hammerstein—
Stieltjes type:

fla) = /G(f(ac _#)dF(t), zER, (1.1)

with respect to a sought nonnegative bounded function f(z). In equation (1.1) the pre-kernel F
satisfies the following conditions:

(P1) F e C(R), F(—o0) =0, F(+00) =1, and F increases on R;
(P2) [;°(1—F(x))dx < 400 and [ a?dF(x) < 400;
(P3) v(F):= [%_ xdF(z)>0.
Concerning the function G, we assume that the following conditions hold (Fig. 1):
(N1) there exists a number 7 > 0 such that G(u) increases in u on the interval [0, 7];
(N2) G(u) is concave on the interval [0,7], with G(0) = 0 and G(n) = n;
(N3) there exists a finite derivative G'(0) > 1 such that

G(u) < G'(0)u, u € [0,7];
(N4) there exist numbers ¢ > 0 and £ > 0 such that
G(u) > G'(0)u — cu' e, u € [0,7)].
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Equation (1.1) arises in various applied problems of natural science. In particular, equations of
this type are used in the mathematical theory of geographical spread of epidemic and in the theory
of Markov processes (see [1, 2, 4, 5]).

It should be noted that the corresponding linear and nonlinear equations on the positive half-line
were studied in considerable detail in [2] and [5], respectively.

One can directly verify that equation (1.1) has two vacuum solutions f(z) =0 and f(z) = 7.

In the present paper, we use the method of constructing invariant conic segments for the non-
linear monotone Hammerstein—Stieltjes operator to find a nontrivial nonnegative monotonically
nondecreasing solution between the vacua 0 and 7 for equation (1.1). This solution satisfies the
following limit relations:

lim f(x)=0, lim f(z)=n.

T——00 r—r—+00

In Section 3 we also establish the following inclusions:
fELl(_OO7O)7 W—f€L1(07+OO)~

A uniqueness theorem in a certain conic segment is proved in Section 4.
In the final Section 5, we give particular examples of functions G that satisfy all the hypotheses
of the results proved in the paper.

2. AUXILIARY FACTS

2.1. Properties of Diekmann’s function. Introduce Diekmann’s function (see [1]) on the
interval [0, +00) by setting

(e}

L) = G'(0) / M dF (1), (2.1)

—00

where the integral is assumed to converge.
Note that

L(0) = G'(0)(F(+00) — F(—o0)) = G'(0) > 1.

Condition (P3) also implies that L'(0) = —G'(0)v(F) < 0. Since the function L(\) is continuous,
there exists a number \g > 0 such that the inequality

L'(\) <0
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G'(0)

holds for all A € [0, \g]. Therefore,

L(\) decreases in A on [0, Ao]. (2.2)
On the other hand,
L"(\) = G'(0) / t2e M AF(t) > 0

(the integral may be equal to +00), which implies that L(\) is convex on [0, +00) (Fig. 2).
Suppose that

L(X) < 1. (2.3)
Then, by the intermediate value theorem, there exists a (unique) number oy € (0, A\g) such that
L(og) = 1. (2.4)
Note also that for § € (0, \g — 0p) we have
L(6+0p) < 1. (2.5)

2.2. A priori estimate for the left end of Diekmann’s conic segment. Consider the
following function introduced in [1]:

®(z) := max{ne”” — MeloFo0)T, 0}, z €R, (2.6)
where M > 0 and 6 € (0, \g — 0¢) are numerical parameters.
Note that for M > 7 the function ®(x) attains its maximum at the point

1o
max = . 1
T M+ o0)
and ®(z) =0 for z > (1/9) In(n/M).
These properties immediately imply that if § € (0, min{eog, \g — 0¢}), then inequality (2.5)
holds together with the following upper bound for the function ®(x):

CI)H_E(:L’) < 7]1+86(6+00)z7 z eR. (2'7)

<0

Estimates (2.5) and (2.7) play an important role in further considerations.
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3. SOLVABILITY OF EQUATION (1.1)

3.1. Successive approximations. Consider the following successive approximations pro-
posed by Diekmann for equation (1.1):

[ ne?, 2 <0,
fole) = {77, x>0,
Fort(z) = /G(fn(ac _0)dE(t),  zER, n=012,.... (3.2)

Using properties (P1)—(P3) and (N1)—(N4) as well as inequalities (2.5), (2.7) and formula (2.4),
we can easily prove by induction on n that

(A) fn(z) does not increase in n for z € R;

(B) fn(z) does not decrease in z on R, n =0,1,2,...;

(C) for M > max{n,cn'T¢L(og + 6)/(G'(0)(1 — L(cg + §)))} and 6 € (0,min{ecg, \og — 00}),
the following inequality holds:

fn(x) > ®(2), n=20,1,2,..., z€R;

(D) fo€CR), n=0,1,2,....

Thus, properties (A)-(D) imply that the sequence of continuous functions {f,(z)}>2, has a point-
wise limit as n — oo: limy, oo fn(z) = f(z); moreover, by Beppo Levi’s limit theorem (see [6]),
the function f(x) satisfies equation (1.1). On the other hand, since the pre-kernel F' is continuous
and the function G(f(x)) is bounded, we can state that f € C(R) (due to the properties of the
convolution).

Properties (A) and (C) also imply that

O(z) < f(z) < folz), =zeR (3.3)

3.2. The limit of the solution at +oo. First note that the limit function f(z) is monoton-
ically nondecreasing on R according to property (B). Therefore, in view of (3.3), we can state that
there exist limits

0<l:= lim f(z)<n and lim f(z)=0. (3.4)

T—+00 T——00

Passing to the limit on both sides of equation (1.1) as x — 400 and using the well-known limit
relation for the convolution operation (see [3]), we obtain

I=G(), e (0, (3.5)

Since the function G is concave and satisfies property (N2), we conclude from (3.5) that [ = 7.
Thus, lim,—, 4o f(x) =n.
It also immediately follows from (3.3) that

0
f € Li(—00,0) and /f(a:) dx < ;7 . (3.6)
0
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3.3. Integral asymptotics of the solution at +oco. Since lim, 4 f(z) = n and f(z) does
not decrease on R, there exists an r > 0 such that the inequality

n
fa) =) (37

holds for z > r. We fix such an r. Since f € C(R), we obviously have n — f € L1(0,r). Let us
estimate the difference n — f(z) for all z > r. To this end, we introduce the additional notation

F(z)=1— F(z) and G(u) = n — G(u).

In view of condition (P1) and the monotonicity of f, from (1.1) we obtain

n—fz)=n / dF (1) - / G(f(x — 1)) dF(t)

o0

:n/dF(t)+ / /G flz—1t)dF(t /G flz —1))dF(t)

+/G flz—1t))dF(t /G flz—1))dF(t)

0
< nF( —I—/G flx—1t))dF(t /G flx—1t))dF(t)

< nF(z) + G(f(2))F(0) - / G () diFx — 1)
= nF(z) + F(0) /G ) di F(z —t) /G F(z —1t)

< nF(z) + F(0)G(f () + n(F(x) — F(z —r)) + / G(f(z — 1) dF(t)
0

Tr—r

< nF(z) + FO)G(f () + nF(z — 1) + / G(f(x — 1)) dF(t).

Thus, the monotonicity of f and inequality (3.3) imply the two-sided estimate

r—r

0<n— f(z) <nF(z) + FO)G(f(x)) + nF(x —r) + / G(f(z—1)dF(t), zeR. (38)

Let R > r be an arbitrary number. Integrating both sides of inequality (3.8) with respect to x
from r to R and applying the Fubini theorem (see [6]) and conditions (P1) and (P2), we find

R

Jo-sta) as

T

0o R x—r

gn/ (x) dx + F(0 /G da:+17/ :E—rd:z:+//G @ — 1) dF(t) da

T
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AY Yy=1u

,,,,,,,,,,,,,,,,,,,,,

G(fa)f =
Glnf2) g .

/

bt
.
| BSS

—r R—t
= | F(z)dz+n [ F(z)dz + F(0) | G(f(z))dz + / G(f(y)) dy dF(t)
-
<n | F(z)dz +n | F(z)dz+ F(0) é(f(x))dm+//G(f(y))dde(t)
0 r

/ (G(f(x)) - f(2)) da <1 / F(z)de +1 / F(z) da. (3.9)

Let us compose an equation of the straight line (Fig. 3) passing through the points (7/2,G(n/2))
and (17, 7):
_ 2(n—=G(n/2))

; u+2G<Z>—7].

Y

In view of inequality (3.7) and the concavity of G, we can state that

2(n — G(n/2)) n
G(f(z)) > ) Fla) + 2G<2> —n z>r (3.10)
Inequality (3.10) implies
GU@) - 1) = (- ) T Tz (3.11)

Note that a := (2G(n/2) —n)/n > 0, because G(u) > u on (0, 7).
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Using (3.9) and (3.11), we arrive at the following chain of inequalities:

a /R (n— () dz < /R (G(f(2)) — f(x) du < n7ﬁ<x> dr + n/OOﬁ(x) d.
r r r 0

Letting here R — +00, we obtain the inclusion n — f € Lq(r, +00) and the inequality

/(n—f(ac))dac < ;/(G(f(:c)) —f@)dr <" /ﬁ(x) dx+/ﬁ(x) dx | (3.12)
r r r 0

Thus, since f is continuous, we finally conclude that n — f € L1(0, +00).
Note that all possible shifts of the constructed solution f(x) also satisfy equation (1.1).
Thus, the above considerations lead to the following theorem.

Theorem 1. Under conditions (P1)—(P3), (N1)-(N4), and (2.3), equation (1.1) has a one-
parameter family of nontrivial nonnegative monotonically nondecreasing continuous bounded solu-
tions on R of the form f.(x) = f(z + ¢), ¢ € R, where the function f(x) satisfies equation (1.1)
and has the following additional properties:

(D) limg—s— oo f(z) =0 and limgy_ioo f(z) =5

(1) f € Li(=o0,0) and [°_ f(x)dz < n/ov;

(ITII) n — f € L1(0,400).

Remark 1. It should be noted that, on the one hand, the result proved above generalizes

Theorem 6 from [1] (in [1] the number € is 1 and F(z) is an absolutely continuous function on R);

on the other hand, our result complements the theorem from [1], since we have also proved the
additional property (III) of the solution f.

4. THE UNIQUENESS OF A SOLUTION IN A SPECIFIC CONIC SEGMENT

As shown above, equation (1.1) has a one-parameter family of nonnegative nontrivial solutions
of the form f.(x) = f(z 4 ¢), ¢ € R, with certain properties (see Theorem 1). These solutions
are generated by the main solution f(z). A natural question arises as to whether the constructed
solution f(x) is unique in the conic segment [®(z), fo(z)].

Introduce the notation

P:={feCR): ®(z) < f(z) < fo(z), z € R}. (4.1)

The following theorem holds.

Theorem 2. Suppose that all conditions of Theorem 1 are satisfied. Then equation (1.1) has
a unique solution in the function class P.

Proof. Assume the contrary: equation (1.1) has two solutions f, ]76 P. Let us show that in
this case the function

e 000 f(a) — f(x)]

is bounded on R. Indeed, for x > (1/9) In(n/M), by the definition of the functions fy(x) and ®(x),

we have

_ (1+00/9)
e_(5+”0)w|f(a:) — f(z)] < 27]6_(5“’0)90 < 277( > < 400.
n
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If # € (—o0,(1/9)In(n/M)), then
—Mto0 < f(a) = fla) < MO or e PO f(a) — fla)] < M.

Thus,

= 51615 e~ 0002  £(2) — f(a)] < +o0. (4.2)

Since G is concave on the interval [0, 7], it follows from conditions (N1) and (N3) that (Fig. 4)

G(f (@) - G(f(@)| <G O)f(x) - fl@)l, xR (4.3)

In view of (4.2) and (4.3), from equation (1.1) we obtain
#@) = Flw) < [ 6~ 1) = 6(Fla ~ )| dF(®) < 6'0) [ | 1) Flz 0] P (1)
— G'(0) / F@— 1) = Jla — )] e G+t (50)s ~Groo)t gpp)

< aG/(O)e((H-ao)x /e—(5+cro)t dF(t) _ 046(6+UO)IL(5+0'0),

—00

which implies
e~ f(2) — f(a)| < aL(3+ 0p),  zER. (4.4)

It follows from (4.4) that
a < aL(d + og). (4.5)

Since

L((S + 0'0) <1
for § € (0, min{e, Ao — oo}), we obtain & = 0 in view of (4.5). Therefore, f(z) = f(z) on R. O
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Remark 2. Applying arguments similar to those used in the proof of Theorem 2, one can
verify that

Oy 1= sug e_(5+"°)x|fn+1(:r) — fu(2)] < +00.
re

From (3.1), (3.2), and (4.3), by induction on n, one can easily derive the estimate
an < agL™(0 + 09), n=20,1,2,....
Thus, we get the following uniform estimate for the sequence of functions x,, (z) := e~ (®+0)% f, (z):

IXn+1(z) — xn(z)| < gL™(6 + 00),

where 0 < L(6 4 09) < 1 for § € (0, min{e, A\g — 0o }).

Remark 3. Applying the method of V. S. Vladimirov and Ya. I. Volovich (see [7, proof of
Theorem 3|), we now show that if 1 > F(0) > 0, then the boundary value problem

lim f(z)=n (4.6)

T—+00

for equation (1.1) has no positive bounded solutions f(x) <7, € R, such that

G(f(0)) 1

flzo) = F(0) .7

tan o :=

for some xy € R.

Indeed, assume the contrary: equation (1.1) (with the boundary condition (4.6)) has a positive
bounded solution f(z) < 7. Let us show that in this case there exists an z; > xg such that
f(z1) < f(xo). If such an x; did not exist, then the inequality f(x) > f(x¢) would hold for
all z > xo. In this case, since the function G is monotone, it follows from (1.1) that

[ee]

f@w>—/aﬂmmﬂm—wz—mﬂm»/@ﬂm—wzaume@,

zo

or G(f(x0))/f(xo) < 1/F(0). The last inequality contradicts condition (4.7).
Introduce the notation

D:={z > wzo: f(z) < f(wo)}.
It follows from the above that D # @&. Let
T :=supD.

By the definition of supremum, there exists a sequence of points {z;}7°,; C D such that z; T T
as k — oo.

Suppose that 7' < co. Then the continuity of the solution (which follows from the continuity of
the convolution of an integrable function and a bounded function) implies the convergence

flxg) — f(T) as k — oo.
Therefore, f(T') < f(z¢). Since G is monotone, we find that

G(f(T)) = G(f(x0))-

PROCEEDINGS OF THE STEKLOV INSTITUTE OF MATHEMATICS Vol. 308 2020



ON THE SOLVABILITY OF A CLASS OF NONLINEAR EQUATIONS 247

W Jy=G0u /) _ 6y,
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Fig. 5.

The concavity of G and the above inequalities imply that

G(f(T)) _ G(f(zo)) _ 1
T 7 fae) © FO)

It follows from (4.8) (as shown above) that there exists a T} > T such that

f(T) < f(T) < (o)

This contradicts the definition of supremum. Therefore, T' = oo.
Since f(zx) < f(xg) (zx € D, k=1,2,...), we can again apply the concavity and monotonicity
of G to obtain
Gf@) _ Olf()) | 1
flzg) = flwo) — F(0)

Letting k — oo in (4.9), we arrive at the inequality

(4.9)

which contradicts the condition 1 > F'(0) > 0.
Thus, for the existence of a positive bounded solution f(z), the inequalities G'(0) < 1/F(0) and
0 < F(0) < 1 must hold. The geometric meaning of this fact is illustrated in Fig. 5.

5. EXAMPLES

In conclusion, we give examples of functions F' and G for which all hypotheses of the above
Theorems 1 and 2 are satisfied.
In applications (see [1]), one can find functions G and F' of the following form:

G(u) = ")/(1 — e_“)’ = R‘i‘ — [07 —I-OO), v > 17 (5'1)
F(x) = \}w /e_(t_c)2 dt, reR, ¢>0. (5.2)
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Let us show that the functions (5.1) and (5.2) satisfy conditions (P1)—(P3) and (N1)—(N4), respec-
tively, and condition (2.3).
First note that

F(—o00) =0, F(4+00) = \/17r /6_(t_c)2 dt =1, F(z) 1 onR,

and, moreover, F'(x) is an absolutely continuous function on the set R. On the other hand, in view
of (4.2) we have

[ee] 1 oo OO , 1 [e.e] ,
_ — —(t—c) — —(t—c)
/(1 F(x))dx Jn //e dtdx J /te dt < +o0,
0 0 z 0
2 1 2 —(z—c)?
x“dF(z) = y x“e dx < +o0,
s
7 1 7 _(w_c)2 1 7 2
v(F)= [ zdF(z) = J ze dx = J (t+c)e”" dt =c>0.

Condition (N1) immediately follows from the structure of the function G. Since G(0) = 0, the
equation y(1 — e™%) = u, v > 1, has a unique positive solution 1, and G"(u) = —ye % < 0, u € RT,
it follows that condition (N2) is also satisfied. The validity of condition (N3) follows from the
inequality e > 1 —u, u € R™.

Let us turn to condition (N4). For the function of the form (5.1), we should choose numbers
e > 0 and ¢ > 0 such that

Y1 —e ™) > yu — cul T, u € RT. (5.3)
Consider the function
Y(u) =y —ve " —yu+ cuE, u € RT.
It is clear that
P(0)=0 and  Y'(u) =ve " —y+c(l+e)us.
So we readily find that taking, for example, the numbers e = 1 and ¢ = 7/2 guarantees the inequality
' (u) >0, ueRT

Therefore, 1)(u) does not decrease in u on R™, which implies (5.3).
Finally, we discuss condition (2.3). For the functions (5.1) and (5.2), the function L()\) takes

the form
o0

/e—(t—c)2e—)\t dt = XA oy A2

—0o0

L(\) = ]ﬁ

since ¢ = /2. For this function, the minimum point is Apin = 7. It is clear that
L()‘min) = 76_72/4 <1,
since €7°/4 > 72/4 41 > 5. Therefore, taking v as A, we arrive at condition (2.3).
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