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The existence and multiplicity of T-periodic solutions to a class of differential
equations with attractive singularities at the origin are investigated in the paper.
The approach is based on a new method of construction of strict upper and lower
functions. The multiplicity results of Ambrosetti-Prodi type are established using a
priori estimates and certain properties of topological degree.
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1. Introduction

The study of differential equations with some type of singularity has been attracting
the attention of many researchers during the recent decades. The main reason is the
applicability of theoretical results to important problems arising in natural sciences
(see, e.g., [1, 8, 16, 24, 28, 29]). From the mathematical point of view, differential
equations with singularities can be divided into three major classes according to
the type of singularity involved in the equation—attractive, repulsive, and mixed
(attractive-repulsive) type. Each one of the above-mentioned classes possesses its
own property, that means a different approach in their study. As for the problems
with attractive-type singularity we recommend the papers [3, 4, 9-14, 17-22, 25,
27] (see also the references therein).

One of the first important works studying the solvability of a periodic problem
for such equations is the well-known paper of Lazer and Solimini published in 1987
(see [17]) where the authors dealt, in particular, with the family of equations

1%
u’ + = h(t), (1.1)
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supposing A > 0, v € R\ {0}, and h is a T-periodic function. They proved that (1.1)
in the attractive case, i.e. in the case when v > 0, admits a T-periodic solution if
and only if h > 0 provided h is a continuous function (condition on the regularity
of the external force). The boundedness of the function h in the result of Lazer and
Solimini is essential and it cannot be extended to the general case h € LP (R / TZ) for
all A > 0. Recently, Hakl and Zamora established a relation between the existence
of a T-periodic solution and the orders of regularity of h and singularity A (see
[12]). More precisely, the main results of [12] can be formulated as follows:

o If he LP(R/TZ), A>1/(2p—1) then (1.1) with v >0 has a positive T-
periodic solution iff A > 0. Moreover, this solution is unique.

e If A€ (0,1/(2p—1)) then there exists h € LP(R/TZ) with h > 0 such that
(1.1) with » > 0 has no positive T-periodic solution.

Another step in this direction was done in [13] where the ideas of the paper [12]
were generalized for the equation of the form

u” + % = h(t)u?,

with g, h € L(]R/TZ), g(t) = 0fora.e. t €[0,7],0 €[0,1), A > 0. The main impor-
tance of the results established in [13] lies in the fact that the function g is not
necessarily bounded from below by some positive constant. The results obtained
there play an important role also in the present work where the existence and
multiplicity of the positive T-periodic solutions to the differential equation of the
form

u’ + % = h(t,u) + pf(t), (1.2)

is studied. Here, in addition, h is a Carathéodory function, f € L(R/TZ) with f >
0, and p € R is a parameter. The aim of this paper is to find conditions guaranteeing
the existence of a critical parameter p; such that the equation (1.2) has at least
two, at least one, or no solution provided p > p, = py, or p < p4, respectively.

The basic tool used to handle with the equation (1.2) relies on a priori estimates
of all possible T-periodic solutions to (1.2), the construction of well-ordered strict
lower and upper functions, and the direct application of the degree theory. The idea
how to obtain multiplicity results is similar to the previous works, usually we use
homotopy invariance and additivity property of Leray-Schauder degree (see, e.g. [2,
6, 7, 15, 19, 23, 30]). However, the nature of this kind of problems request quite
new approach in how to construct the strict lower and upper functions.

The paper is organized as follows: the statement of the problem and some basic
notation are introduced in §2. Section 3 is devoted to the main results; theorems
3.2-3.6 deal with the general case, the effective conditions for a particular case are
established in theorems 3.8-3.10. Auxiliary propositions and the construction of
strict lower and upper functions are included in §§4 and 5, respectively. The proofs
of the main results can be found in §6.
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2. Statement of problem

Our contribution to the above-described topics deals with the existence and mul-
tiplicity of T-periodic solutions to the following differential equation with an
attractive singularity

u” + % = h(t,u) + pf(t). (2.1)

Here A > 0, u € R is a parameter, f, g are T-periodic Lebesgue integrable functions
with positive mean values, i.e., f,g € L(R/TZ) and

T T
/ f(s)ds >0, / g(s)ds >0, (2.2)
0 0

g(t) =20 for a. e. t €[0,7], and h: R/TZ x Ry — R is a Carathéodory function,
ie.

(i) h(-,z):[0,T] — R is measurable for every z € Ry;
(ii) h(t,-): Ry — R is continuous for a. e. ¢t € [0,T];

(iii) for every r > 0 there exist non-negative functions ¥;", ¢~ € L(R/TZ) such
that

— Y (t) < h(t,z) <Yf(t)  fora.e te[0,T], x€l0,7] (2.3)
REMARK 2.1. Without loss of generality we can assume that the functions ¢ are
nondecreasing with respect to r, i.e., ¥ (t) < ¢F(¢) for a. e. t € [0,7] whenever
r < s. Moreover, we assume that the functions ;" are nontrivial, i.e.,

T
/ ¥ (s)ds >0 for r > 0. (2.4)
0

These relations will be used later in the paper.

By a T-periodic solution to the equation (2.1) we understand a positive function
u that is absolutely continuous together with its first derivative and satisfies the
equality (2.1) almost everywhere on [0,7]. We write u(¢; 1) in order to emphasize
that w is a solution to (2.1) with a parameter p.

For convenience, we introduce the following notation that is used throughout the

paper.
N, Z, and R are the sets of natural, integer, and real numbers, respectively,
R+ = [0, +OO), R7 = (—O0,0]
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Lp (R / TZ), where p > 1, is the Banach space of T-periodic functions y : R/T7Z —
R that are Lebesgue integrable on [0, 7] in the p-th power, endowed with the norm

T 1/p
mu=@immw§ |

We write L(R/TZ) instead of L'(R/TZ). If y € L(R/TZ) then

()] + y(t)

T _
= [ sds o= PO - MO0,

2

L (R/TZ) is the Banach space of T-periodic functions y: R/TZ — R that are
essentially bounded with the norm

1yl = ess sup {|y(t)] : t € [0,T]}.

ACt (R/TZ) is a set of T-periodic functions y : R/T7Z — R such that y and y’ are
absolutely continuous on [0, 7.

C(R/TZ) is the Banach space of T-periodic continuous functions y : R/TZ — R
with the norm

lyllc: = max {|y(t)| : t € [0, T]}.

For every Carathéodory function y : R/TZ x R — R we define a continuous func-
tion 7 : R — R by setting

1 T
y(x) = —/ y(s,x)ds for x € R.
0

T
If £ C R then meas F is the Lebesgue measure of the set E.
Now we introduce (strict) lower and upper functions in a form suitable for us.
For more details about the topics see, e.g., [5, 25, 26] and references therein.

DEFINITION 2.2. A function v € AC'(R/T'Z) is said to be a lower function to (2.1)
if a(t) > 0 for t € [0,7] and

> h(t,aft) +pf(t) forae. tel0,T] (2.5)

A lower function « to (2.1) is said to be strict if every T-periodic solution u to (2.1)
satisfying u(t) > a(t) for ¢ € [0,T] admits the inequality u(t) > a(t) for ¢ € [0,T].

DEFINITION 2.3. A function 8 € AC! (R/TZ) is said to be an upper function to
(2.1) if B(t) > 0 for ¢t € [0,7T] and

g(t)
pA(t)
An upper function 8 to (2.1) is said to be strict if every T-periodic solution wu

to (2.1) satistying wu(t) < G(t) for ¢t € [0,T] admits the inequality u(t) < 8(t) for
t e [0,7].

B () + < h(t, B(t)) + pf(t) for ae. t€0,T]. (2.6)
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The following assertion can be found in [5].

PROPOSITION 2.4. Let 3 € AC*(R/TZ) be such that B(t) > 0 fort € [0,T]. Assume
that B is not a T-periodic solution to (2.1) and let there exist € > 0 such that

B (t) + % < h(t,z)+pf(t) fora e te[0,T], ze€|(t)—c¢B1)]. (2.7)

Then (3 is a strict upper function to (2.1).

3. Main results and applications

In order to obtain a priori estimates for all possible T-periodic solutions to the
equation (2.1) we need some assumptions. The first one is a technical condition
that helps us to get an upper bound.

(Hy) Suppose that there exists r > 0 such that
—n(t,r) <h(t,x) <hT(t,z) —h~ (t,x) fora.e. t€[0,T], xz>=r (3.1)

where n,ht h™ : R/TZ x Ry — R, are Carathéodory functions non-
decreasing with respect to the second variable satisfying

lim —~% =0, lim h=(z) = 4o0. (3.2)

r—-+oo I T—+00

Furthermore, we assume that there exists ¢ € (0,1) such that

.
L% lim SUp = h(2)

z—too h=((1 = {)x) (3:3)

REMARK 3.1. Note that according to (2.3) we can assume without loss of generality
that the first inequality in (3.1) holds for all > 0, i.e., we will assume
—n(t,z) < h(t,x) fora.e. t€[0,7], x>=0. (3.4)
The following assumptions help us to obtain a lower bound.

(Hy) Let o, f € LP(R/TZ) (r > 0,p > 1) and let for every r > 0 there exists ¢, €
LY(R/TZ) (q > 1) such that

o)+ f@#)] < gor(t)g(q_l)/q(t) for a. e. t €[0,T].

(H3) Assume that

t+T T
lim 9(s) ds + lim 9(s) ds =400 for t €[0,T],
z—tt J, (s —t)° a—t— J_p (t—8)°
where o = 22p=1a
p

Lif ¢ = 1 then we put g(a=1/4(¢) = 1 for ¢ € [0, T).

https://doi.org/10.1017/prm.2021.14 Published online by Cambridge University Press


https://doi.org/10.1017/prm.2021.14

Existence and multiplicity of periodic solutions 407
3.1. Main results

THEOREM 3.2. Let (Hy)—(Hs) be fulfilled. Then there exist p.,u* € R such that
s < p*oand

(i) the equation (2.1) has no T-periodic solution provided j < fi.;
(ii) the equation (2.1) has at least one T-periodic solution provided p = p*;

(iii) the equation (2.1) has at least two T-periodic solutions provided p > p*.

REMARK 3.3. Note that, in general, u,. # p* as shown in example 3.12. In order to
guarantee the equality pu. = p* we have to strengthen conditions imposed on the
functions h and f.

THEOREM 3.4. Let (Hy)—(Hs) be fulfilled. Let, moreover, the function h(t,x)/x is
nondecreasing with respect to x, i.e.,

h(t h(t
Mgﬂ fora.e tel0,T], 0<uz<y. (3.5)
x
Then there exists a critical value py > 0 such that

(i) the equation (2.1) has no T-periodic solution provided pn < jus;

(ii) the equation (2.1) has at least one T-periodic solution provided ju = i ;

(ili) the equation (2.1) has at least two T-periodic solutions provided pn > pu;.

REMARK 3.5. An example of h satisfying all the assumptions of theorem 3.4 is a
function

h(t,z) = hitac‘s"—i—k% +q(t) fora.e te[0,T], xe€Ry,
. >\7

where h;(t) <0, k;i(t) <0, q(t) <0 for a.e. t €[0,T], 0; € (0,1), and X\; >0 (i =
1,...,n).

THEOREM 3.6. Let (Hy)—(Hs) be fulfilled, and let there exist hg € L(R/TZ) and a
continuous function ¢ : Ri — Ry such that

ho(t) =20 fora. e tel0,T], olx,z) =0 for z € Ry, (3.6)
h(t,z) — h(t,y) < ho(t)e(x,y) fora. e t€[0,T], 0<z<y. (3.7)

Let, moreover, there exist ¢ > 0 such that
ho(t) < ef(t) for a. e. t€[0,T]. (3.8)

Then there exists a critical value py € R such that the items (1)—(iil) of theorem 3.4
hold.

In particular, from theorem 3.6 we obtain the following assertion.
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COROLLARY 3.7. Let (Hy)—~(Hs) be fulfilled, and let there exist hg € L>(R/TZ) and
a continuous function ¢ : R2. — Ry such that (3.6) and (3.7) hold. Let, moreover,

ess inf { f(t) : t € [0,T]} > 0. (3.9)

Then the conclusion of theorem 3.6 is valid.

3.2. A particular case

We apply the results established above to a particular case of the equation (2.1),
namely to the equation of the form

" @_ S . 5; kl(t)
Wil =3 [hmu | a0, (310
Here, g, f, 1, and X are as in (2.1), hy, ki, q € L(R/TZ), 6; € (0,1), \; >0, ¢; >0
(t=1,...,n),and 61 > --- > 0,.

THEOREM 3.8. Let [h]y, [kil+, )+, f € LP(R/TZ) (p=1;i=1,...,n), n <0,
and let there exist co > 0, ;, 3; 2 0,t; € R (i =1,...,m) such thatt; <t < --- <
t, <t14+T and

g(t) = coltiyr — )M+ (t — )% fora. e. t € (ti,tiy1), i=1,...,m—1, (3.11)
g(t) = colty + T — ) (t —t)°  for a. e. t € (ty,t1 +T). (3.12)
Let, moreover,

< 1+

A (1+7)(1 +p)
“op—1

A (1+v)(2p—-1)

ifp=1orv=0, otherwise (3.13)

where

Yo = max{min{ai,ﬁi} ti= 1,...,m}, v = max{ai,ﬂi D= 1,...,m}. (3.14)
Then there exist p., u* € R such that p, < p* and

(i) the equation (3.10) has no T-periodic solution provided pn < fi.;

(i) the equation (3.10) has at least one T-periodic solution provided jn = p*;

(iii) the equation (3.10) has at least two T-periodic solutions provided p > p*.
THEOREM 3.9. Let f € LP(R/TZ) (p > 1), hy <0,

hi(t) <0, ki(t)<0, q(t)<0 fora.e tel0,T] (i=1,...,n),

and let there exist co > 0, a;, 3; 2 0,t; e R (i =1,...,m) such thatt; <tls < --- <
tm < t1+ 7T and (3.11)—(3.13) is fulfilled with o and ~ given by (3.14). Then there
exists a critical value iy > 0 such that

(i) the equation (3.10) has no T-periodic solution provided (1 < fi+;
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(ii) the equation (3.10) has at least one T-periodic solution provided p = fi+;

(ili) the equation (3.10) has at least two T -periodic solutions provided p > fit.

THEOREM 3.10. Let [h]4, [ki]+, a4, f € LP(R/TZ) (p>1;3i=1,...,n), hy <0,
and let there exist ¢ >0, «;,0; =20, t; €R (i=1,...,m) such that t; <ty <
s <ty <t + T and (3.11)—(3.13) s fulfilled with vy and v given by (3.14). Let,
moreover, there exists ¢ > 0 such that

D (l-() + [kl () < ef())  fora e te0,T)

Then there exists a critical value py € R such that the items (1)—(iii) of theorem 3.9
hold.

In particular, from theorem 3.10 we obtain the following assertion.

COROLLARY 3.11. Let [h]y,lql4, f € LP(R/TZ), [hi]-,[kil+ € L= (R/TZ) (p >
1;i=1,...,n), hy <0, and let there exist co >0, a;,3; =0, t, €ER (i=1,...,m)
such that t1 <to < -+ <ty <t1 +7T and (3.11)-(3.13) is fulfilled with vo and
given by (3.14). Let, moreover, (3.9) hold. Then the conclusion of theorem 3.10 is
valid.

3.3. An example

EXAMPLE 3.12. Let us consider a particular case of the equation (3.10), namely
the equation

t
u” + % = h(t)u’ + puf(t), (3.15)
where f, g, h are 2m-periodic functions given by
T for t € [0,¢),
€
h(t) =<0, for t € [e,m — €], h(t) = h(2m —t) for t € (m,2m],
T+

fort € (m —e,m],
g(t) = n(2 + cost)™, f(t) = h(t)(2+ cost)® —n +cost for t € [0,27],

numbers A > 0, 0 € (0,1) are arbitrary but fixed, and the constants € € (0,7/2)
and 7 > 0 are such that

[(2+ cose)? — (2 — cos 6)‘5}71' > [(2 = cos ) + .

Then it can be easily verified that g(t) > n for t € [0,27], h = —2n, and

2 € ™
/ f(s)ds:Z{/ g(2+coss)5ds—/ %—H?(Q-‘FCOSS)(SdS — 27
0 0 T—€

>2[m(2 + cose)’ — (7 +1)(2 — cose)’] — 27 > 0.
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Furthermore, one can easily verify that the assumptions of theorem 3.8 are fulfilled
with a; =0, 8; =0, co =1, and p > (1 + \)/2\. Consequently, there exist pu,, u* €
R such that the conclusion of theorem 3.8 is fulfilled with T" = 2. Moreover, the
equation (3.15) with g =0 has no 2m-periodic solution. Indeed, assume on the
contrary that there is a 2m-periodic solution to (3.15) with g = 0. Then dividing
both sides of (3.15) by u% and integrating it over [0,27] we find

27 27
9(s)
ds < h(s)ds,
/0 e s /0 (s)ds

that contradicts h < 0. Therefore, necessarily, u* > 0.
On the other hand, it can be easily verified that u(t) = 2 + cost for ¢ € [0, 27] is
a 2m-periodic solution to (3.15) with x4 = —1. That means, p. < —1.

4. Auxiliary propositions

First we introduce two lemmas established in [11] and [10], respectively, which will
be useful to obtain a priori estimates.

LEMMA 4.1 (see [11, lemma 2.4]). Let u € AC*(R/TZ). Then

T
(M fm)z < %/O u'?(s)ds,
where
M =max {u(t) : t € [0,T]}, m = min {u(t) : t € [0,T]}. (4.1)

LEMMA 4.2 (see [10, lemma 2.4]). Let u € AC*(R/TZ). Then

T T
M-m< g [,
4 0

where M and m are given by (4.1).

LEMMA 4.3. Let (Hy) be fulfilled. Then

zEr}rloo = 0 (4.2)
and
lim h;(x =0 (4.3)
Proof. The integration of (3.1) over [0, 7] yields
7(z) = h~(z) — ht(x) for x > r. (4.4)
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According to (3.2) there exists ro > r such that h=((1—()z) >0 for z > ro.
Therefore, from (4.4), since h~ is nondecreasing, we obtain

7 5
l(x) >1-— Z(x) >1-— J& for = > ry. (4.5)
h= () h= () h=((1 =)
Consequently, on account of (3.3), from (4.5) it follows that
liminf 27 51 5o,

r——4oo h— (.’E)
Therefore, there exists 7y > rg such that

1-L)—
(x) > %h‘(m) >0 for x >y,

and thus (4.2) follows from the first relation in (3.2).
Further, since h~ is nondecreasing, we have

h* ()

W (1—O)a)

and so, with respect to (3.3), there exists ro > rg such that

) for x > ro,
)
< hH(x) < (L +1)h(z) for x > ro.
Consequently, the latter inequality together with (4.2) implies (4.3). O
LEMMA 4.4. Let (Hy) and (3.5) be fulfilled. Then
h(t,z) <0 fora.e tel0,T], z>0, (4.6)

and for every ¢ > 1 and every xg > 0 there exists € > 0 such that

ch(t,x) < h(t,y) fora.e te[0,T], y€lecx—e,cx], x= 0. (4.7)

Proof. First we will show that (4.6) holds. Assume on the contrary that there exists
x1 > 0and E C [0,7] such that

meas E > 0, h(t,z1) >0 for t € E.

Then, in view of (H;) and (3.5) we have
0< / it 21) 4 < / hit @) 4
E E

T i

ht(t Tht

S/ ( ’x)dt < (z) for z > max{xy,r}.  (4.8)
E x X

However, according to lemma 4.3 the relation (4.3) holds and this contradicts (4.8).

Now let ¢ > 1 and z¢ > 0 be arbitrary but fixed. Choose € € (0, (¢ — 1)), and let

y € [cx — g, cx] for some x > xg. Then, obviously, < y and y/x < ¢. Consequently,
from (3.5) in view of (4.6) we obtain (4 7). O
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NOTATION 4.5. Let u(-; i) (n € N) be a sequence of T-periodic solutions to (2.1)
with (= py,. Then, in what follows, for the sake of brevity we put

M, = max {u(t;pu,) : t € [0,T]}, my, = min {u(t; p,) : t € 0,71}

LEMMA 4.6. Let (Hy) hold and let u, = u(-; i) (n € N) be a sequence of T-periodic
solutions to (2.1) with u = pu, such that

. . ‘,unl
1 M, = , 1 — =0. 4.9
o Mn = oo, Hm Sor (4.9)
Then
LMy

Proof. Multiplying both sides of (2.1) by ) and integrating it on [0, 7], for every
n € N, we get

T T T T
w(s)ud(s)ds = — s)ds S, Un (8))ul(s)ds A f(s)ul(s)ds,
| vitsas = = [ g+ [ b as+ [ s

which together with (3.4) leads to

T T
=\ ui*(s)u;f(s)dw—m—/ (5, tun () () ds — |pin] / $)[uA(s) ds.
0

0

The latter inequality implies

T
A ) ds <T@+ OLM + TR, (1)
0

On the other hand, according to lemma 4.1, we have

(Mnkgl—m;;l)zéij/T <(u22ﬂ(s))/>2ds
0

= T()\l—gl)/o u) " (s)u?(s) ds. (4.12)

Therefore, using (4.11) in (4.12) we obtain

( A1 &)2<T2(/\+1)2

Mp? —my? X 16\ |:§+ﬁ(Mn)M7? + |/’Ln|mMr>L\] )

and, consequently,

A1y 2

my\ ° T2\ +1)2
11—+ <
M, 16

Now, passing to the limit as n — +oo together with (3.2) and (4.9) we obtain
(4.10). O

Mé"rl + Mn Mn

g, M), |un||f|1 '
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4.1. Upper bounds

LEMMA 4.7. Let (Hy) be fulfilled. Then there exists a nondecreasing function -y :
Ry — (0, +00) such that every T-periodic solution u to (2.1) admits the inequality

u(typ) <y(p)  for t€[0,T], peRy. (4.13)

Proof. First we show that for every fixed pg € Ry there exists vo (o) > 0 such that

u(typ) <vo(po)  for t €[0,T], e |0, pol. (4.14)

Assume on the contrary that (4.14) does not hold. Then there exists a sequence of

T-periodic solutions u, = u(-; uy) (n € N) to (2.1) with p = u, € [0, uo] such that

M,, > n (n € N). Obviously, (4.9) holds, and so, according to lemma 4.6 we have
that (4.10) is fulfilled. Therefore, there exists ng € N such that

my, = (1=QOM, >r for n > ng. (4.15)

Now the integration of (2.1) over [0, 7] results in

T g(t) B T T
o</0 0 dt—/o h(t,un(t))dt—i—un/o FO)dt, (4.16)

up
and in view of (2.2), (3.1), and (4.15), from (4.16) it follows that

0 < ht(M,) —h=(mp) + pnf <hT(M,) —h=((1 = OM,) + uof for n > ng.

(4.17)
However, from (4.17) we get
0< _ I (Ma) — 14— iof for n > ny, (4.18)
h=((1 = ) My) h=((1 = Q) My)

where ny > ng is such that h=((1 — ¢)M,) > 0 for n > n;. Passing to the limit as
n — 400, in view of (3.2) and (4.9), from (4.18) we get 0 < L — 1 that contradicts
(3.3).

Now we put

def .
v(p) = inf {y0(po) = po > p} for peR,.

Obviously, v is the required nondecreasing function satisfying (4.13). O

LEMMA 4.8. Let (Hy) be fulfilled. Then there exists a positive constant A such that
every T-periodic solution u to (2.1) admits the inequality

u(t; p) < A1+ |pl) for t€[0,T], pweR_. (4.19)
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Proof. Assume on the contrary that (4.19) does not hold. Then there exists a
sequence of T-periodic solutions wu, = u(-; uy) (n € N) to (2.1) with u = p, € R_
such that

My, > n(1+ |pn) for n € N. (4.20)

Obviously, from (4.20) it follows that

1 1
E>m+|;\2,7nn| fOI‘?’lEN,

and so (4.9) holds. Thus, according to lemma 4.6 we have that (4.10) is fulfilled.
Therefore, there exists ng € N such that (4.15) is valid. Now the integration of (2.1)
over [0,7] results in (4.16), and in view of (2.2), (3.1), and (4.15), from (4.16) it
follows that

0 < ht(M,) — h=(my) + pnf < hH(M,) —h=((1 = )M,) for n>ng. (4.21)
However, from (4.21) we get

0< ﬂ -1 for n = nq, (4.22)
h=((1 = ¢)My)

where n; > ng is such that A= ((1 — ¢)M,,) > 0 for n > n;. Passing to the limit as
n — 400, in view of (3.2) and (4.9), from (4.22) we get 0 < L — 1 which contradicts
(3.3). O

Now we put

def | ¥(1) for ue Ry,
" {A(H lu])  for p e (—o0,0), (4.23)

where 7 is a function appearing in lemma 4.7 and A is a number from lemma 4.8.
Obviously, the following lemma is valid.

LEMMA 4.9. Let (Hy) be fulfilled. Then every T-periodic solution u to (2.1) admits
the inequality

u(t;p) < p(p)  for t€(0,T], peR, (4.24)
where p is given by (4.23).

4.2. Lower bound

The approach how to get a lower bound for possible T-periodic solutions to (2.1)
is based on results obtained in [13]. Therefore, together with the assumption (H;)
we assume that (Hy) and (Hs) hold, as well.
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LEMMA 4.10. Let (Hy)—(Hsz) be fulfilled. Then, for every p € R, there exists a
positive function o(-;p) € ACT(R/TZ) such that

1)
alt;p) = a(t;v)  for t €[0,T] whenever |u| < |v, (4.25)
and every T-periodic solution u to (2.1) admits the estimate
alt;p) < u(t; ) for t €[0,T]. (4.26)

Proof. Let u € R be arbitrary but fixed, and let u be an arbitrary T-periodic solu-
tion to (2.1). Then, according to lemma 4.9 the estimate (4.24) is fulfilled, and
consequently, in view of (2.3), we have

h(t,u(t; 1)) < 1/J;r(u) (t) for a. e. t €[0,T). (4.27)
According to [13, theorem 1], the equation
g(t
o 5Byt 0+ (0 + S (1) (4.28)

has a unique positive T-periodic solution a(-;u) € AC* (R/ TZ). Note also that
alt;p) = a(t; —w) for ¢t €[0,T]. (4.29)

We will show that the inequality 2a(t;u) < u(t;p) for t € [0,7] holds. Then,
obviously, (4.26) holds, as well. Put

z(t; ) Lof u(t; p) — 2a(t; p) for teR (4.30)

and assume on the contrary that there exists an interval I C R such that
z(t;p) <0 for t € I. (4.31)
Obviously, z € AC'(R/TZ) and in view of (2.1), (4.27), (4.28), and (4.30) we have
gt gt
)\(t. ) +
B (2a(t; 1))
— 20 () = 208 (8) + pf () — 20uf(2)]

2(tpu) = — 5+ h(t u(t; p)

B u/\g((tt)ﬂ) i (2agt(t,3t )A w:(u)(t) fora.e.tel (4.32)

Consequently, on account of (4.30) and (4.31), from (4.32) it follows that
2t p) < —zpp(u)( )<0 fora.e tel. (4.33)

Thus (4.31) implies (4.33). We will discuss two cases.
Case 1. There exist t1,t2 € R such that ¢t < ts,

z(ti;p) =0, z(t2; ) =0, (4.34)

and (4.31) is fulfilled with I = (¢1,t2). Then, according to the above-proven, the
inequality (4.33) holds, a contradiction.
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Case 2. The inequality (4.31) is fulfilled with I = [0,7T]. Consequently, (4.33)
holds again. However, the integration of (4.33) over [0,7] with respect to the
inclusion z € AC'(R/TZ) and (2.4) yields

T T
0= / 2ty ) dt < —/ Y () dt <0,
o o p(p)

a contradiction.
Consequently, z(t;u) >0 for t € [0,T], which together with (4.30) results in
(4.26). It remains to show that (4.25) is true. Assume that |u| < |v| and put

w(t) Y atip) —alty)  for teR. (4.35)

If |p] = |v| then (4.25) holds trivially because of the uniqueness of « and (4.29).
Suppose therefore that |u| < |v| and assume on the contrary that there exists an
interval I C R such that

w(t) <0 for t e 1. (4.36)

Then, in view of (4.28), remark 2.1, and (4.23), we have

, ¢ 1 1
w'(t) = — 2g1(+)x <a/\(t;u) TG V)) ) v (®)
b () = 0 (0 + (il — WDIF)
<-— 291(?)\ (oﬂé;u) - a}\é; 1/)) + (Jju| = )| f ()| fora.e tel. (4.37)

Consequently, in view of (4.35) and (4.36), from (4.37) we obtain
w’(t) < (Jju| = [vD|f#)] <0  fora.e tel.

Moreover, in view of (4.35) we have w € AC' (R/TZ). Therefore, in the same man-
ner as above, with respect to (2.2), one can prove that the assumption (4.36) leads
to a contradiction. That implies w(t) > 0 for ¢ € [0, 77, i.e. (4.25) holds. O

5. Construction of upper and lower functions

LEMMA 5.1. Let (H1)—(Hg) be fulfilled. Then, for every v € R, the function o(-;v)
constructed in Lemma 4.10 is a strict lower function to the equation (2.1) with

p e [=lv] vl

Proof. Let v € R be arbitrary but fixed and let u € [—|v|, |v|]. Let, moreover, u be
an arbitrary T-periodic solution to (2.1). Then according to lemmas 4.9 and 4.10
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we have
a(tv) < alt;p) < u(t;p) < p(p) <max {p(v),p(-v)} for t€[0,T]. (5.1)
Consequently, in view of definition 2.2 it is sufficient to show that

9(t)
arMt;v)

o (tv) + > h(t,a(t;v)) +pf(t)  fora.e tel0,T). (5.2)

Remind that « is a T-periodic solution to (4.28), i.e.,

g(t)

s
o’ (tv) + TNt D)

=Y () + 0 () + wf(B)] fora e te[0,T),

(5.3)
and note that, on account of (2.3) and (5.1), we have

h(t,a(t;v)) < :(V) (t) + ’(/J;r(_y)(t) for a. e. t€[0,T).

Therefore, using the latter inequality in (5.3), on account of |u| < |v|, we get (5.2).
U

LEMMA 5.2. Let (Hy) hold. Then, for every u sufficiently large, there exists a strict
upper function B(-; u) to the equation (2.1). Moreover,

lim B(t;u) = 400 uniformly on [0,T]. (5.4)

fi—+00

Proof. Let pn > 0 and let w be a solution to the Dirichlet boundary value problem

") =— I or a. e
w(t; ) = —(9(t) +U(ta3ﬂ))§+ﬁ(3m +f(t)  fora.e te[0,T], (55)
w(0;p) =0, w(Tsp) =0, (5.6)
where B =1+ (T?f, /4). Note that
w' (05 p) = w'(T; ) for u >0, (5.7)

and therefore we can consider the T-periodic extension of w, i.e., w € AC! (R/ TZ).
According to lemma 4.2 we have

T2F;
4 b

My, — my, < (5.8)

where
My, = max {w(t;p) : t € [0,7T]}, my, = min {w(t;p) : t € [0,T]}.

Put

_ 1/
B(t; p) e (W) + 1 (w(t;u) — My + ;) for teR, p>0. (5.9)
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Then, on account of (5.6) and (5.7) it can be easily verified that [B(;pu) €
ACH(R/TZ) for > 0, and from (5.9) it follows that

B\ YA
Blt; ) > (W) +2 fortefo1], p>o0. (5.10)
wf 2
Further, in view of (3.2) we have
g+7n(B
lm LE0BH (5.11)

potoo o uf
Finally, from (5.9) in view of (5.5) it follows that

uf
B"(t; ) = —(g(t) + n(t, Bu)) ——=—=— + uf(t fora.e. t€[0,7]. (5.12
(t; ) = —(g(t) +n( ))9+77(BM) (t) 0,7]. (5.12)
Now, according to (5.11) there exists 1o > 0 such that
S B\ VA
(W(H)) < min {H, 1} for > uo. (5.13)
wf 2
Consequently, from (5.9) with respect to (5.8) and (5.13) we obtain
T 1
B(t;u)égﬂt( 4f++2> =Bp  for t€[0,T], p= po. (5.14)

Therefore, since 7 is nondecreasing with respect to the second variable, on account
of (5.13) and (5.14) we get

pf
t, Bu)—— >n(t,z) fora.e. te0,T],
n(t By~ 2 ) [0,
ze [Btim) - 58], 1> o (5.15)
On the other hand, from (5.10) it follows that
B\ VA
B(t; i) — % > (W) for t €10,T], p > po, (5.16)
1

and so we have
uf 1 o
. fora;e{ tu) — O B ] te0,T], w>po (5.17
T AEn S Bt u) — =, B(t; 1) 0,7, p=po (517)
Now using (5.15) and (5.17) in (5.12) with respect to (3.4) we obtain

Bt p) < - % —n(t.x) +pf(t) < —%) +h(t,z) +pf(t) fora.e tel0,T],

xE[ﬁ(t;u)—%,ﬁ(t;u) M= fio-

Moreover, (5.16) guarantees that B(-;u) (1 = po) is not a T-periodic solution to
(2.1). Consequently, according to Proposition 2.4, B(-; 1) (1 > po) is a strict upper
function to the equation (2.1). Finally, (5.10) implies (5.4). O
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6. Proof of main results

6.1. Nonexistence of solutions

LEMMA 6.1. Let (Hy)—-(Hs) be fulfilled. Then there exists p. <0 such that the
equation (2.1) with p < p. has no T-periodic solution.

Proof. Assume on the contrary that there exist a sequence of parameters { un}flg C

R_ such that
lim g, = —o0 (6.1)

n—-+4oo

and the corresponding sequence of T-periodic solutions u,, = u(-; u,) (n € N) to
(2.1) with g = pp,. Then the integration of (2.1) from 0 to T results in

/OU)‘ dt = /htun dt—l—,un/ f@) for n € N,

whence in view of (2.2), (2.3) and (3.1) we get
T g(t) r T
0< /O 200 dt < /0 [, () + BT (t,un(t))] dt — |Mn\/0 F(t) dt. (6.2)

According to lemma 4.8, from (6.2) it follows that

T A(l n
O A+ )
|Mn‘ (1 =+ |Nn|)
where ng € N is such that |u,| > 1 for n > ng. Now passing to the limit as n tends

to 400, with respect to lemma 4.3 and (6.1), the inequality (6.3) yields f <0, a
contradiction to (2.2). O

f<

for n > ng (6.3)

2. Functional setting and multiplicity results

In order to prove our main results we rewrite the periodic problem for (2.1) as
an operator equation. For this purpose, let

def{ c C(R/TZ) u(t) >0 for t € [O,T]}

and, for every u € R, define an operator ¥, : A — C(R/TZ) by

dCt/ G(t,s [ (()) (s,u(s)) + pf(s) —u(s)| ds for t € R/TZ,
U
where G is the Green’s function to the periodic boundary value problem
' —u=0, uw(0) = u(T), u' (0) = /(T).

Obviously, ¥, is a completely continuous operator and the problem of finding a
T-periodic solution to (2.1) is equivalent to the problem of finding a fixed point to
the operator equation

u=V",[u, u e A. (6.4)
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LEMMA 6.2. Let (Hy)—(Hs) be fulfilled. Let, moreover, there exist v,u1 € R and a
strict upper function § to (2.1) with p = 1 such that

a(t;v) < B(t;ur) for t €[0,T],

where |v| = |p1] and « is the function appearing in lemma 4.10. Then the equation
(2.1) with = py has at least two T-periodic solutions.

Proof. According to lemma 5.1, the function «(-;v) is a strict lower function to
(2.1) with g = pq. We put

def

O = {ue C(R/TZ) : a(t;v) < u(t) < B(t;u1) for t € [0,T]}.

Obviously, £ C A. According to [5, Theorem III-1.8] (see also [26, Theorem 2.4])
we have

deg(l — \Ij#UQl) =1, (6.5)

and, in particular, there exists a T-periodic solution to (2.1) with g = up in ;.
According to lemma 6.1 there exists p2 < —|v| such that (2.1) with x4 = pg has no
T-periodic solution. Put

0 def {u c C(R/TZ) : Oé(t;NQ) <u(t) < p(pa) + p(—p2) + B(t; py) for t € [O,T]} )

where the function p is given by (4.23) and a(-;u2) is the function appearing in
lemma 4.10. Then ©Q; C Q C A, and

deg(I —T,,,Q) =0.

Moreover, according to lemmas 4.9 and 4.10, there is no fixed point to (6.4) on 99
for p € [ua, 11]. Therefore,

deg(I — ¥, ,0Q) =0. (6.6)

1o

Now, let Q9 def

Q\ Q. Then, in view of (6.5) and (6.6) we find
deg(‘[ - \Illtl’QQ) = deg(I - \Ij#“Q) - deg(‘[ - \IIILUQl) = 717

and, consequently, there is another T-periodic solution to (2.1) with u = p; in
Q. O

6.3. Proof of theorem 3.2

According to lemmas 5.1 and 5.2, for every p sufficently large there exist well-
ordered strict lower and upper functions o and 8 to (2.1). More precisely, there
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exists pg > 0 such that
altip) < B(tsp)  for t€[0,T],  p> po.

Therefore, according to lemma 6.2 the equation (2.1) has at least two T-periodic
solutions for every p > pg. Define a set of parameters S by

g {r € R: equation (2.1) has at least two

T-periodic solutions for every p > T}. (6.7)

In view of the above-proven we have pg € 5, i.e., the set S is nonempty. Moreover,
according to lemma 6.1 there exists p, € R such that u, < pg and the equation
(2.1) has no T-periodic solution provided p < p.. Therefore, the set S is bounded
from below. Put

it inf S, (6.8)

Obvioulsy, ps < p* and the assertions (i) and (iii) hold. It remains to show that
(i1) is valid. Let, therefore, {1, }:7>] be a sequence of parameters such that

> 1 for n € N, hrf fn, = 1~ (6.9)

According to (6.7)—(6.9) there exists a sequence of T-periodic solutions u,, = u(+; i)
(n € N) to (2.1). Moreover, on account of (6.9) and lemmas 4.9 and 4.10 there exist
positive constants K; and K, such that

Ky <un(t) < Ky for t €[0,T], neN. (6.10)
Consequently, from (2.1) with respect to (6.9) and (6.10) we obtain
lui,(t)] < K3 for t €[0,7], neN (6.11)

for a suitable constant K3. Therefore, the sequence {u,},> is uniformly bounded
and equicontinuous. Thus, according to Arzela-Ascoli theorem without loss of
generality we can assume that there exists ug € C (]R/ TZ) such that

lim  w,(t) = uo(t) uniformly on [0, T7. (6.12)

n—-+oo

On the other hand, the solutions u,, satisfy
up =V, [ty for n € N, (6.13)

and so, passing to the limit as n tends to +o00 in (6.13), in view of (6.9) and (6.12)
we obtain

ug = U= [ug)]. (6.14)

Therefore, ug € AC*(R/TZ) and it is a T-periodic solution to (2.1) with p = p*.
O
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6.4. Proof of theorem 3.4

LEMMA 6.3. Let all the assumptions of theorem 3.4 be fulfilled. Let, moreover, there
exist a T-periodic solution u to (2.1) with p = po. Then pg > 0 and for every puy >
1o the function B given by

Bty py) %u(t;,uo) for t € 10,7 (6.15)
0

is a strict upper function to (2.1) with p = p.

Proof. First we show that g > 0. Assume on the contrary that po < 0. According
to lemma 4.4, the inequality (4.6) holds. Therefore, the integration of (2.1) with
p = o over [0,7T], in view of (2.2) and (4.6) results in

R r
0</0 uA(t;uo)dt_/o h(t,u(t,uo))dHuo/O f(t)dt <0,

a contradiction.
Now let 13 > o be arbitrary but fixed and define 8 by (6.15). Then there exists

¢ > 0 such that
142 _ N
(Z;) z (M) for t € [0,T] (6.16)

and, according to lemma 4.4,

%h(t, u(t; o)) < hit,y) fora.e t€[0,T), ye[B(tum)—e Bt um)]. (6.17)

In view of (6.16) we have

pagt) (T g) g(t) g(t)
pou (£ po) <M0) P > Blop) —op = g e telT),
y €[8(t; 1) — &, B(t; p)]. (6.18)

On the other hand,

"oy, ;ulg(t) ! .
Bt ) + ot (E o) %h(tﬂ(t,uo)) +paf(2),

whence, in view of (6.17) and (6.18) we obtain that [ is not a T-periodic solution
to (2.1) with g = pp and

B (t; 1) + gy(? < h(t,y) +pf(t) fora et €[0,T], yelbt;u)—-e Bt mwn).

Thus, according to Proposition 2.4, § is a strict upper function to (2.1) with
Po=fi1. U
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Proof of theorem 3.4. Let S be defined by (6.7) and put

e Lt int . (6.19)

Then, according to theorem 3.2, the items (ii) and (iii) are fulfilled, and conse-
quently, in view of lemma 6.3 we have p; > 0.

It remains to show that (i) holds. Let pp € R be such that the equation (2.1)
with @ = po has a T-periodic solution u. Let, moreover, p; > po be arbitrary but
fixed. Then, according to lemma 6.3, 1o > 0 and the function g given by (6.15) is
a strict upper function to (2.1) with g = p1. Moreover, in view of lemma 4.10 we
have

alt i) < alt; o) < u(t; o) < %u(t;m — B(t;p1)  for t€0,T).

Therefore, on account of lemma 5.1, the functions a(-; 1) and §(+; 1) are respec-
tively strict lower and upper functions to (2.1) with u = p; that are well-ordered.
According to lemma 6.2 there exist at least two T-periodic solutions to (2.1) with
= p1. However, since p; was chosen arbitrarily, we obtain py € S. Consequently,
in view of (6.19) we have p4 < po and so the item (i) holds. O
6.5. Proof of theorem 3.6

LEMMA 6.4. Let all the assumptions of theorem 3.6 be fulfilled. Let, moreover, there
exist a T-periodic solution u to (2.1) with = po. Then for every uy > po there
exists € > 0 such that the function 8 given by

Bt ) E ulti o)+ for t€0,T] (6.20)
is a strict upper function to (2.1) with p = p,.

Proof. Let 11 > pg be arbitrary but fixed. Since ¢ is continuous and satisfies (3.6),
there exists € > 0 such that

@(x,y)gu for m<ez<M, z<y<z+te, (6.21)
c

where m and M are given by (4.1). Thus, from (3.7) with respect to (3.6), (3.8),
and (6.21) we have

h(t,x) — h(t,y) < (u1 —po)f(t) fora.e. t€[0,T], m<z<M, x<y<z+te,
whence, on account of (6.20), we get

h(t, u(t; po)) — h(t,y) <(p1 — po) f(t) for a.e. t€[0,T7,
y €[B(t; p1) — &, B(t; )] (6.22)

On the other hand, on account of (6.20) we have

B (t; ) + = h(t,u(t; po)) + pof(t)  fora.e t€[0,7].  (6.23)

_ 9
u(t; o)
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Using (6.22) in (6.23) we obtain

8tspn) + 2 < tg) + s (0 for e ve 0.7,

y € [B(t; p1) — &, B(t; 1))

Obviously, £ is not a T-periodic solution to (2.1) with p = p1. Thus, according to
proposition 2.4, (§ is a strict upper function to (2.1) with p = p;. O

Proof of theorem 3.6. Let S be defined by (6.7) and define p4 by (6.19). Then,
according to theorem 3.2, the items (ii) and (iii) are fulfilled.

It remains to show that (i) holds. Let o € R be such that the equation (2.1) with
1= po has a T-periodic solution u. Let, moreover, 1 > o be arbitrary but fixed.
Then, according to lemma 6.4, there exists € > 0 such that the function § given
by (6.20) is a strict upper function to (2.1) with p = py. Let v def max{|pol, |p1}-
Then, in view of lemma 4.10 we have

a(t;v) < alt; po) < ult; po) < u(t; po) + e = B(t; 1) for ¢t €[0,T].

Therefore, on account of lemma 5.1, the functions «(-;v) and ((-; u1) are respec-
tively strict lower and upper functions to (2.1) with g = py that are well-ordered.
According to lemma 6.2 there exist at least two T-periodic solutions to (2.1) with
1 = p1. However, since p; was chosen arbitrarily, we obtain ug € S. Consequently,
in view of (6.19) we have p4 < po and so the item (i) holds. O

6.6. Proofs of theorems 3.8-3.10
LEMMA 6.5. Let the assumptions of theorem 3.8 be fulfilled. Then (Hy)—(Hs) hold
with

n

h(t,x) def Z [hi(t)xéf‘ + (Q]Z(i)))\] +q(t) fora e te€l]0,T], zeR;.

(6.24)
Proof. Put

n(t,z) & f: <[hi](t)x5i + w> +lgl_(t) fora.e. te[0,T], z€Ry,

i
G

Rt (t, ) o ([hih(t)xéi + W) +[q)+(t) fora.e t€[0,T], =xe€Ry,

P
¢

W (t2) € [hl-(0)a® + gl (1) fora.e te[0,T), xRy,

i=1

and, on account of h; < 0, choose ¢ € (0, 1) such that

/0 [ha]4(t)dt < (1 — 4)51/0 [h1]—(t) dt.

Then it can be easily verified that (Hp) is fulfilled.

https://doi.org/10.1017/prm.2021.14 Published online by Cambridge University Press


https://doi.org/10.1017/prm.2021.14

Existence and multiplicity of periodic solutions 425

Now we will show that (Hs) and (Hg) hold. First assume that p > 1 and v > 0.
Put

(t) def CO(tH—l 7t)ai+1(t7ti)ﬁi for t € [tiati—l-l)a 1= 1,...,m71,
W = N eolts £ T — )1 (t — )P for ¢ € [ty t1 +T),
go(t) L go(t —kT)  for t €[ty +kT.ts + (k+ 1)T), keZ\{0}
and

or(t) (R (t,r) + 2 (1)) g8 () for a.e. t € [0,T)

where 1 < ¢ < (1 +7)p/(1 + vp) is such that

S (L+%)p

T (6.25)

Using the Holder’s inequality we obtain

[ enwrae= [ @ )+ 2110080
0 0

T pr(1—q) P
< IF ) + 1) / o wat] | < oo,

ie., p. € L1 (]R/TZ). Moreover,

q

() +20f ()] < or(t)g T (1) fora.e. te[0,T),

and thus (Hy) is fulfilled with ¢;" = h™*(-,7) 4 | f| (the condition (2.2) implies (2.4)
also in the case when ht(r) =0). The validity of the assumption (Hs) follows
immediately from (3.11), (3.12), (3.14), and (6.25).

If p=1or~y=0 then we putqdéfp,
or(t) E (hT () + 20T forace. t e [0,T],

and it can be easily verified that (Hs) and (Hg) are fulfilled with ¢} = h™(-,r) +
[f1- O

Proof of theorem 3.8. The assertion immediately follows from lemma 6.5 and
theorem 3.2. O

Proof of theorem 3.9. From lemma 6.5 it follows that the assumptions (Hy)—(Hs)

are fulfilled. Moreover, it can be easily verified that (3.5) holds with h defined by
(6.24). Thus the assertion follows from theorem 3.4. O
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Proof of theorem 3.10. From lemma 6.5 it follows that the assumptions (H;)—(Hj)
are fulfilled. Moreover, it can be easily verified that (3.6)—(3.8) hold with

ho(t) (i) = (1) + [kil«(£)  fora.e. t € [0,T),

n

i=1
PERNE D DT S—— for 0 <z <y,
= ot o Gt
and h defined by (6.24). Thus the assertion follows from theorem 3.6. O

7. Open problems

Example 3.12 shows that the numbers p, and p* guaranteed by theorem 3.2 do not
coincide, in general, and that there may exist other T-periodic solutions to (2.1)
for p €, p*[ that are not connected to the set of T-periodic solutions to (2.1) for

Bz

OPEN PROBLEM 7.1. Let the assumptions of theorem 3.2 be fulfilled. Find con-
ditions guaranteeing . < p*. Describe sets of T-periodic solutions to (2.1) for
f € [, .

The assumptions of both theorems 3.4 and 3.6 guarantee that p. = p*. Moreover,
it can be easily verified that the hypotheses of theorem 3.4 do not imply the ones
of theorem 3.6 and vice versa. Maybe there exists a weaker assumption in order to
get the validity of both theorems 3.4 and 3.6 at the same time.

OPEN PROBLEM 7.2. Let the assumptions of theorem 3.2 be fulfilled. Find other
conditions guaranteeing g, = pu*.
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