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INTRODUCTION

Since 1965 a number of authors has investigated the existence of the periodic solu-

tions to abstract differential equations of the type

mo dly
(0.1) Lu=Yy aia(t) + Au(t) = g(t) + F(t, u)
j=1

(see Taam [1], [2], Browder [3], [4], [5], Zend [6], Dezin [7], Simon&nko [8],
Masuda [97], Dubinskij [10]). The papers [1]—[8] deal with such a first order equa-
tion (m = 1) which, roughly speaking, keeps the properties of the diffusion equation.
In [9] a generalization of a telegraph equation (m = 2) is studied while in [10] m is
an arbitrary natural number. In papers [1]—[9] the noncritical case is examined, i.e.
there exists a sufficiently regular L™! on the convenient space of the functions u
periodic in t. The paper [10] is devoted also to some critical cases but only under the
condition that L is an elliptic parabolic operator.

In this paper, some necessary and sufficient conditions for the existence of a periodie
solution to (0.1) with m = 1, 2 are derived even under more general hypotheses on
the operator L so that for m = 1 besides the diffusion equation also the Schrédinger
equation is included and for m = 2 besides the telegraph equation also its generaliza-
tion involving the term Au,(f) (representing the inner damping) and the wave and the
beam equations (these special cases were studied earlier [11]—[15]) are included.
We make use of the Poincaré method i.e. we investigate if in the problem (.#) given
by (0.1) and '

(0.2) u0)=¢;, j=0,1,...m—1,

the initial data @; may be chosen in such a way that the corresponding solution to
() is periodic in 7. We write the solution to (.#) by means of a semigroup generated
by the operator — A4 or with the aid of the spectral resolution of A which is equivalent
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in special cases to the eigenfunction expansion. This leads to some nonintrinsic
requirements on g and F in (0.1) which have to belong to the domain of 4” for some v
which means that g and F have to fulfil (to some extent) the boundary conditions
imposed on u. The uszd procedure enables us to formulate the theorems on the
stability or instability of the found solution. (The direct method of expanding of the
sought periodic solution in a serics of the form

has neither the advantage nor the disadvantage of our method mentioned above.)

In paragraph 1 we list some rules of the operational calculus and in the second
section we prove a lemma on the normal solvability of the operator defined by (1.2.1).
In paragraph 2 in Theorems 1.2.1 and 1.2.2 we derive necessary and sufficient con-
ditions for the existence of a periodic solution to the first order linear equation while
the solutions are looked for with values in a Banach or in a Hilbert space. In para-
graph 3 an analogous problem for the second order linear equation of the type (3.1.1)
and (3.2.1) respectively is investigated while we restrict ourselves to the solution with
values in a Hilbert space only. In paragraph 4 one proves the existence of periodic
solutions with small nonlinear perturbations of rather general type, while in the critical
cases one indicates how to treat them. As an example of the resolution of a problem of
the last type, in paragraph 5, the problem (5.1.1), (5.1.2) is studied rather thoroughly.
Let us note that the restriction to the equations of first or second order is not inevitable
for the used method but that the results would loose their lucidity.

1. NOTATIONS AND AUXILIARY RESULTS

1.1. Some properties of integrals in functional spaces. In this section we will intro-
duce the notation and some properties of the spectral integrals and of the integrals
of the abstract functions.

We will write R = (—0, o), R* = €0, 00). In the sequel H denotes a Hilbert
space with the norm |+ || induced by a scalar product (-, -) and B denotes a Banach
space with the norm || (both real or complex). If J = R is a compact interval,
B, < Bisa Banach space with the norm | +||; and k = 0 s an integer then C®(J; B,)
denotes a Banach space of all funciions u : J — B, having the continuous derivatives
up to the order k with the norm |u|, , = max sup [4(®)];. In particular, for

1=0,1

xeB, = (L), (vz 0) it s [y = ] + [4%] a v=[lo.5.
If H < H, k=1,2,... is a sequence of the subspaces of H orthogonal each other

o
then we denote by ) H, the direct sum of H,. For M = B, M¢ denotes the closure
k=1

636



of M in B, #(M) the least linear subspace of B containing M and %(x,; r; B) =
={xeB; |x — on < r}. Further, introduce forve R*, f=0or f #0and M € R
compact, the Banach spaces

(1L.1.1)  U(M) = C(M; 2(4%) n C(M; 2(4*+Y)),
Uv(R+)
UIM) = C¥(M; 9(4")) o CH(M; Z(A**112) o 9(BA™*1))
n COM: 90 0 94",
UYR™) = {ue U0, wp); u, u’ and u” are w-periodic on R*}

Il

{u e U,(0, w)); u and u’ are w-periodic on R*},

with the norms defined as the maximum of the norms in spaces included in the inter-
section on the right hand sides of (1.1.1). If A4 is an operator from the space B; into
the space B, then we denote 2(A), #(A) = {Ax; x € 2(A)}, N(4) = {x e 2(A);
Ax = 0}, o(A) the domain, the range, the null-space and the spectrum of A respect-
ively. Now let 4 be a selfadjoint operator in H with its corresponding resolution
of the identity E(1). Then 4 may be written in the form of the abstract Stieltjes inte-
gral Ax = [2_ AdE(%)x for

xe 9(A) = {x eH; Jicwlz d||E(2) x|* < oo}
(see [17] p. 313). We shall write for x € 2(f(A)), f(A) x instead of [* f() dE(2) x.
It is |f(4)x]* = [Z, |f(2) d[E@R) x[* for xeD(f(4)) = {xe H, [2., |/(A)]*-

.d||E(2) x||* < o0}. If A is a subset of R and C,, is its characteristic function then we
define

[ royaeyx = " castyany»

if the right hand side is defined. Clearly, the spectral measure of the set A = R defined
by E(4) = [, 1 dE(Z) is a projection as soon as the right hand side is defined.

Proposition 1.1.1. Let f(A) (where f(%), A€ R, is any real or complex valued
function) be a function of a selfadjoint operator A = |2 A dE(Z) (c.f. [17] p. 338).
Then A(f(A)) = E(A(f)) H.

Proof. If x € E(A4(f)) H then |
Uty = [ @ ety = | ol = o,

On the contrary let x € A7(f(A)). We can write x in the form x = x; + x,, where
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x; € E(#(f)) H and x, € (E(#(f)) H)*. Clearly
0= Lyl = [~ O alEe) (s + )1 -
- [, odlE@ s+ @R alE) sl
¥(f) RN ()

hence ||E(A) x| is constant on every component of RN\ .(f). But as x, =
= [pwny 1AE(2) x5, it is x, = 0.

Proposition 1.1.2. (cf. [16] p. 83). Let f(t, A) be a function continuous in to€ R
for any A€ R and let there exist a function g(2) and a number & > 0 such that
|7(t, )| < g(%) for telty — 8, to + 6y and Ae R. Let g(A) be defined for a self-
adjoint operator A. Then f(t, A) x is a continuous function in t, for any x € 2(g(A)).

As a direct consequence of the preceding proposition we have’

Proposition 1.1.3. Let A be a selfadjoint operator and let f(t, %) be a function
defined on (to — 8,1ty + ) x R, (6 >0), having a derivative of]ot(t,, 2),
te(to— 9, to+ ), A€ R. Let there exist a function g(2) such that g(A) is defined
and |of[on(t, 2)| < g(A) for te(ty — 8,1y + &), Ae R and let f(t, A) x exist for at
least one t € (ty — 8, to + 6). Then f(t, A) x exists for every t€(to — 8, to + 8) and

GUEa9=["

— 0

g{(z, D) AE() x, te(to =6, 1o+ 8), xeD(g(A).

At the end of paragraph we mention two propositions which are simple generaliza-
tions of the classical theorems on behaviour of integrals depending on the parameter.

Proposition 1.1.4. (cf. [18] p. 191). Let J = R be an interval and let to € R, 8 > 0.
If f:(to — 6, to + 8) X J — B is a function continuous in t, for any te J and
g:J—>R*Y is such that |f(t,7)| £ g(r) for [t,t]e(to — b, to+ 6) x J and
{1 g(t) dr exists then the function F(t) = [, f(t, ) dt is continuous in the point t,.

Proposition 1.1.5. (cf. [18] p. 191). Let a,c,to€ R, 6 > 0 and let the function
fi(to — 8,16 + 8) x Ca,cy > B and b :(t, — 8, t, + 6) = {a, ¢) fulfil the fol-
lowing assumptions:

(a) The integral F(1) = [2® f(t, 1) dt exists for te (to — 6, to + 6).
(b) The function f(t, t) is continuous with respect to the set {[t,7]; © < b(1)}.
(c) There exist K > 0, a function g : {a, c) - R* integrable over {a, c) and a set

Q < R of measure zero such that
of
—(t, T
h()

(d) There exists b'(to).

< g(r) for te(to— 6, to+9), 1¢0Q, a<r<b(t0)——K|t—t9].
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Then
b(to) af
Flio) = j % 10,9 d + flto, (1) b (1)
1.2. A lemma on linear operator equations

If H= H x H then for [x,, x,], [y, y.] € H we define the scalar product and
the norm in H by

(([xl’ xz], [rs, J’Z])) = (xla J’1) + (xza )’2) >
IH[XI’ || = V(Lxs %21, [0, x2])) -

Let A;; (i,j = 1, 2) be selfadjoint bounded operators in H and let A: H — H be
defined by

(1.2.1) Alxy, x5 ] = [Ay1x; + AypXs, Azixy + Agox,], [x5.x,] € H.
Obviously the operator A* is defined by
A*[xn xz] = [Allxl + Ayix,, Aiaxy + Azzxz], [xn xz] eH.

If A,, = A,, then Ais symmetric and hence selfadjoint.

Lemma 1.2.1. Let A;; (i,j = 1,2) be selfadjoint bounded operators in H. Let
A = 2, AdE(%) and let the continuous functions a;}(2) (i,j = 1,2, A€ R) be such
that

(1.2.2) A,.jzj a;(A)dE(A), i,j=1,2

and
A = {2eR; ay4(2) ay5(2) = a,,(2) a5,(A)} = {4} -
Then, denoting
(123) D= j :(a“(l) a22(2) — ays(d) ani(A) dE(), it is N(D) = E(4) H

and

(124) (A% {[xl, %] € H; La“(z) dE(3) x, + Lau(z) dE(2) x, = 0,
La,z(/l) dE() x; + Lan(z) dE(A) x; = 0, x4, X, € ./V(D)} .

If moreover there exists a 6, > 0 such that
(1.2.5) lay1(2) a52(2) — a15(2) a4(A)| 2 8o, Ae€a(A)\A

then (A) is closed.
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Proof. First, let us prove (1.2.4).
a) Let [xy, X,] € A/(A¥) i.e. let
(1.2.6) Ayxy + Ayx, =0, Ax; + Aypx, =0.

Multiplying the first equation (1.2.6) by A,, and subtracting the second one multi-
plied by A,; and making use of rules for calculating with spectral integrals we
obtain Dx,; = 0. Quite analogously we get Dx, = 0. Hence

Xy, X, € #(D) =
= {z € H; jojoo(a“(,l) a55(2) — a;,(2) ay,(2)* d(E(2) z, z) = 0} = E(A)H.
For x,, x, € E(A) H the system (1.2.6) reduces to

(1.2.6) '[ ay,(2) dE(2) x, + J a3,(2) dE(2) x, = 0,
f ay,(2) dE(2) x; + j ay,(2) dE(2) x, = 0

and hence [x;, x,] belongs to the set defined by the right hand side of (1.2.4).

b) If [xy, x,] belongs to the set defined by the right hand side in (1.2.4) then
Xy, X, € E(4) H and for these x,, x, the systems (1.2.6) and (1.2.6") are equivalent.
Thus [x,, x,] € #/(A¥). Let us prove the second part of Lemma i.e. that 2(A) =
= A(A). First we find easily that in consequence of the selfadjointness of the
operator D and of (1.2.5) %(D) = %(D)* holds as if

fLAN(D)=E(A)H
then putting

(12.7) x = f :(a“(a) a3(A) — aya(A) axy(2) " dE() =
[ e ) — o) ) 0k,
Dx = fi.e. f € (D). Furthermore
(1.28) [x|? = L_w,mm(au(i) a35() = a31(2) ay5(2)) 7 A(E(3) 1. ) < 5—13' 1717

Now, let

(1.2.9) [f1, f2] L A(A%).
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Show that [f,, f,] € #(A). In view of Proposition 1.1.1 and of A = {1}, it is
H(D) = fp,,H where P, = E(4+) — E(4) (k =1,2,...) and the condition
[*1, x2] ;}(A*) is equivalent to
(1.2.10) ayy(4) Xy 5 + azy(4) x5, =0,

ayo (M) Xy 4+ a(A) x,, =0,

Xip=Pxy, Xop=Px;, k=12,..
But (1.2.9) is clearly equivalent to

(1.2.11) (f1s X10) + (f2s x2) =0 for xy4,x,,€ P,H

fulfilling (1.2.10).
Choose a fixed k and write a;{(4,) = a;; (i,j = 1, 2). Suppose a,; # 0. Then by
(1.2.10,) we have x, , = —(a,,/a,,) x, , and therefore (1.2.11) is equivalent to

a

(f1 - ifz, xl,k) =0, x,,ePH
azq

i.e. to

(1.2.12) Py(Ayfs — Ay fy) =0.

Further, according to (1.2.12) and the equality a;,a,, = a,,d;,, it is

az1

(1~2~13) Pk(A22f1 - A12f2) = P (a22f1 - £ll&fz) =

a
= ﬁpk(aZIfl - ‘111f2) =0.
az1

Hence writing P = ) P, we have immediately from (1.2.12) and (1.2.13)
k=1

(1'2'1‘;) P(Anfz - A21f1) =0 s
P(Azzfl - Alzfz) =0.

If a,, = 0 distinguishing several further cases we proceed quite analogously. Because
of P = E(A) and of (1.2.5) we can set

(1.2.15) Xy = J‘O_Om(a”(l) az,(A) — a,(d) a“(l))_l dE(l) (A22f1 — A12f2) >

X2 = _r_ow(au(i) a32(2) — a15(2) az; (1) dE(R) (A11f2 — Azify) -

It may be easily verified that [x,, x,] fulfils the equation A[x;, x,] = [f1,f2] and
by (1.2.8) [||[x1, x,]||| < ¢|||[f1, f21|]: ¢ being a constant, which completes the proof.
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2. PERIODIC SOLUTIONS TO THE FIRST ORDER LINEAR
DIFFERENTIAL EQUATION

Let us investigate the equation
(2.1 u(t) + (A + 7D u(t) = f(r), teR*

in a Banach space B, where A is a strongly positive, closed lineare operator,
(ie. [(AI + A)~'| < const./(1 + |]), Re 1 2 0), 2(4) < B— B, — A generates
a strongly continuous semigroup of linear bounded operators T(t) (z > 0, T(0) = I,
I being the identity operator) in B which have in consequence of the strong posi-
tiveness of A a holomorphic extension in the complex domain {z;argz < a,
0<|z] <o} (0<a=im)and f:R* - B. A function u:R* - B is called
a solution to (2.1) if

1° u is continuous on R*

2° u(t)e 2(A4) for t > 0

3° u, is continuous on (0, o)

4° u fulfils the equation (2.1) on (0, o).

Substituting
(2.2) u(ty=e"o(t), t20
in (2.1) we get

(2.3) (1) + Ao(t) = e f(1) .

Proposition 2.1. (cf. [19] p. 170): Let A be a strongly positive operator (—A ge-
nerating a semigroup T(t)) and let A" f(f) be continuous on R* for some n > 0.
Then there exists a unique solution v(t) of the equation (2.3) with the initial value

(2.4) v(0) = peB

and it is given by

(2.5) o(t) =T() @ + JtT(t — 1) e f(r)dr, teR™.
0

Moreover if ¢ D(A’) and A**" f(1) is continuous on R* for some v > 0 then
u e U,(J) for any compact interval J = R*.

The conditions ensuring the existence of a periodic solution in a Banach space and
in a Hilbert space respectively are clarified by the following two theorems.

Theorem 2.1. Let A be a strongly positive operator and let fe C(R*; 2(A”*™"))
(v 2 0,7 > 0 being arbitrary) be w-periodic on R*. Let (e” " T(w) — I) be closed.
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Then an w-periodic solution u to (2.1) exists if and only if
(2.6) HJ‘ e T(7) f(0 — 1) dr = 0,
0

where I is the canonical transformation of B on B|%(e”’* T(w) — I). If the con-
dition is satisfied then u e U(R").

Proof. Since all the solutions u(t) of the equation (2.1) are given by (2.2), where v(f)
is a solution of (2.3), (2.4) with ¢ € B arbitrary, a necessary and sufficient condition
for the existence of an w-periodic solution (2.1) reads: There exists a ¢ € B such that

(27) U(e) (@) = U(e) (0) = 0,
where
Ulp)(t) = e " V(p)(t) = e " T(1) ¢ + ﬁ)e‘“"” T(t — 7) f(r)dt, 1eR*.

The equation (2.7) is evidently equivalent to
(2.8) (e7T(w) = T)p = — f e " I(1) flo — 1) dr.
0

As %(e” " T(w) — I) is closed, the solution of (2.8) exists if and only if (2.6) holds.
If (2.6) is fulfilled then (2.7) implies ¢ € 2(4**") and hence by Proposition 2.1
ueU,/(R").

Remark 2.1. If A™' is compact then T(f) is for t > 0 also compact and
R(e”" T(w) — I) is closzd.

Theorem 2.2. Let A be a selfadjoint operator 9(A) < H — H, with inf o(4) =
= m > 0 and let —y be at most an isolated point of o(A). Let f € C(R*; 2(A**"))
(v =0, n > 0 arbitrary) be w-periodic on R*. Then an w-periodic solution u(r)
to (2.1) exists iff

(2.9) Jje“"(T(r)f(w —1),{)dr = 0 holds for (e N (A + +]).

If the condition is satisfied then u € U,(R*).

Proof. According to the Theorem 2.1 it suffices to show that Z(e”?” T(w) — I) is
closed and that (2.9) is equivalent to (2.6). Since ™7 T(w) — I = [ (e” 7 e~ —
— 1) dE(2), where E(4) is a resolution of the identity corresponding to the operator 4,
is a selfadjoint operator, it suffices to prove that

(2.10) H(e ™ T(w) — I)* < A(e™" T(w) - I).
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But if { € #(e”" T(w) — I)* and ¢ > 0 is sufficiently small then

fieeeoeamaco=(7 )

(e=0*Me — 1)=2d(E(2) ¢, {) < const [|{]|2 < o .
Hence

(€ 1) = 1) (e = ) B = and Leoer Tlw) - ).
Condition (2.6) is obviously equivalent to
(2.11) PJ’e_“ T('r)f(a) —17dr=0,
0

where P is a projection on A (e”?® T(w) — I). However

wemio) =) = {eens [ — 7 ate 60 - of -
= (B(~=y +) = E(=y)) H = (4 + 1),

thus (2.11) is equivalent to (2.9). If (2.9) is satisfied then the smoothness of any
w-periodic solution u(f) of (2.1) follows from u(0) € 2(A"**) (it suffices to use Propo-
sition 2.1).

Remark 2.2. Let the assumptions of Theorem 2.2 be fulfilled with v = 0. Define
the operators ©,, @, by the equalities

Ou=u,+(A+y)u, Ou=—u+(A+y)u

for u e 2(0,) = 2(0,) = {u € Uy(<0, »)); u(0) = u(w)}. It may be shown easily that
9(0,) is dense in L,(<0, w); H). Since OF is an extension of @, we may put @ = 0%
for the closed extension of @,. Further, we have 4(@;) = {u e L,(<0, »); H);
u(t) = {e /(A4 + yI)} and A(0*) = #(O,)°. In Theorem 2.2 we have proved
that A7(@%)" A C(K0, ®); 2(A")) = #(O,). Now prove that A (O*)* = %(6).
Indeed, if fe A/(@*)* then there exist f, € /(0*)" N C({0, w); D(A")) such that
fo = fin Ly(<0, w); H). As f, € 2(0,), we can write the solutions u, € 2(0,) of the
equations
O =1, n=1,2,...,

in the form

u(t) = —e " T(t) [(I — P)(e™7 T(w) — I)]* j:e"” T(w — 1) fy(r) dt +

+ J.te""‘“') T(t — t)f,,('r) de,
0
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(cf. (2.2), (2.5), (2.8)), from which follows that the sequence u, converges to some
u € L,(<0, ); H). In virtue of closedness of © we have u € 2(0) and Ou = f. So
we have proved that @ is normally solvable and that the necessary and suffi-
cient condition for the existence of a solution u € 2(0) of the equation Ou = f,

fe Ly(K0, w); H), reads:
(2.9) {5 (f(1), v(1)) dt = 0 holds for every ve #(O%).

This solution may be considered as the generalized solution to (2.1).
The stability of the found w-periodic solution is described by the following

Theorem 2.3. Let the assumptions and the condition (2.9) of Theorem 2.2 be
fulfilled. If y + m > 0andy + m = 0 and y + m < O respectively then the found
w-periodic solution is exponentially stable and stable and unstable respectively.

Proof. Consequently to the linearity of the problem the periodic solution has the
same stability property as the trivial solution of the corresponding homogenous
problem. Denote Ty(f) = e”?* T(f) the semigroup generated by —A — yI. If y +
+ m > 0, we have

”Tl(t) (pHZ — fwe—2(1+y)t d(E(/l) o, (P) é e—2(m+7)!”(p”2 , t€R+ ;

if y + m = 0 we have for sufficiently small ¢ > 0 and te R*

el = (|« [ ) aene.n s ool + ol

finally if y + m < 0 we have for sufficiently small ¢ > 0 and te R*

—y—¢ 0
el = ([ [T )erermatem o0+ IE-r4) - B ol 2
m —yte
= e |E(—y — &) o* + [(E(=y+) — E(=7)) o[*>
whence our assertion follows immediately.
Remark 2.3. In the case of a Banach space, provided that —(4 + yI) generates

a strongly continuous exponentially decreasing semigroup T,(¢) (if B = H and 4 is
selfadjoint it is ensured by m + y > 0) C. T. Taam in [1], [2] proved that

(2.12) f::rl(s) f(t = 5)ds

defines a unique w-periodic solution which is exponentially stable. So far we have
supposed that A in (2.1) si strongly positive what implies that — A 8enerates an
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analytic semigroup. To be able to investigate e.g. the w-periodic solution of Schrédin-
ger equation we shall now suppose that — A generates a strongly continuous semi-
group not necessarily analytic and that y = 0. Of course we have to make more restric-
tive assumption on the right hand side of (2.1). The following Proposition may be
easily proved.

Proposition 2.2 (cf. [19] p. 169): Let — A generate a strongly continuous semigroup
T(t) (t e R*) and let A f(t) be continuous on R*. Then there exists a unique solution
u(t) of the equation (2.1) with the initial value

(2.13) u(0) = ¢ € 2(4)
and it is given by

(2.14) u(t) = T(1) @ + J:T@ — /() de, teR*

moreover, u(t) and A u(t) are continuous functions on R™.
3 t

Similarly to the Theorem 2.1 we can derive the following one.

Theerem 2.4. Let — A generates a strongly continuous semigroup T(t) and let
feC(R*; 2(A)) be w-periodic on R*. Let #(T(w) —I) be closed. Then an
w-periodic solution to (2.1) (y = 0) exists iff (2.6) holds with y = 0.

The specialization to the Hilbert space case is rather different from that obtained
in Theorem 2.2. We restrict ourselves to the case A = iB, B being selfadjoint.

Proposition 2.3. Let A = iB, where B is a selfadjoint operator 2(B) < H - H.
If 9 € 9(A"), A’ f(t) where v > 0, is continuous on R* and u(t) is a function given
by (2.14) then u € U,(J) for any compact interval J = R*.

Theorem 2.5. Let A = iB, where B is a selfadjoint operator 2(B) =< H — H such,
that there exist constants ¢ > 0, ¢ = 0 that

2kn

gi, ieM = a(B) \ {__}
Al k=0,%1,...

2.15 min
(215 -

1=0,%1,...

R p——

27l
w

holds and that there exists some real B in the resolvent set of B. Let fe
e C(R*; 9(B'***")) be w-periodic on R*. Then an w-periodic solution u(t) to (2.1)
(with y = 0) exists iff

(2.16) J:(T(T)f(w _.0)dt=0, (e =k=iwm <B + %‘1)

where T(t) = [7, ™ dE(%) (te R*, E(2) is the resolution of the identity cor-
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responding to B) is a semigroup generated by —A. If the condition is satisfied
then ue U(R™).

Proof. It is clear that

H((B = B (T(w) = 1)) = #(T(@) — 1) =
B ) )
Since T(w) = [*,, e~ *** dE(%), we have for { e #™*
I8 = g0y (1) = 1l = [ 12 = pfreles =1 (e £.0) =
= 4'[M|,1 — BJ?sin? % Ad(E(2) 4, 0) .

But if € M and k() is such an integer that [A — 2k(4) njw| = min |1 — 2In/w|

then using (2.15) we obtain 120,210
sin? (9—) A — k(%) n)
Ii_ﬁllasirﬁg/{:gl;{_ﬁlza )"_2’6(1)7[ 2 _ g
22 @ ‘91 — k(A=
2
_ 2
gg min(lil—ﬁ*l)e =c, ¢ >0,
AeM

and accordingly ||(B — BI)® (T(w) — I) ¢|| = 2¢,[¢|. So we have proved that
(B — BI)® (T(w) — 1)) is closed. As the B belongs to the resolvent set of B, we can
write every ¢ € H in the form ¢ = (B — BI)¢ $, where ¢ = (B — BI)™° ¢. Writing the
solution u(t) of the equation (2.1) with the initial condition u(0) = ¢ in the form (2.14)
we see that the necessary and sufficient condition for u(f) to be w-periodic is that
the equation

(2.17) (B — BI) (T(w) = 1) § = — j :T(w — 2 f(1) de

has a solution @ e 2(B?). It is easy to see in virtue of f(f) € 2(B'***") (te R") that
if (2.17) bas a solution @e H then @ e @(B'*¢*"). The solution ¢ e H of (2.17)
exists iff

(2.18) j :T(w _ ) /(2) dee H((B — BI) (T() — I))*.

But as A ((B — BI)*(T(w) — I))* = A%, it is obvious after simple calculations
that (2.18) is equivalent to (2.16). Finally if (2.16) is satisfied then (2.17) holds with
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@ € 2(B'*¢*) which implies u(0) e 9(B'*") for the w-periodic solution u(t) and
hence u € U(R™).

Remark 2.4. Let the assumption of Theorem 2.3 be fulfilled with v = 1. Define the

operators ©,, ©, by the equalities
Oou = Bu, + iB* 'y,
O,u = —B%, — iB®*'u, for ueP(0,) = 2(0,) =
={ue (<0, w); 2(B%) N C(0, w); Q(BQH)); u(0) = u(w)} .

We can similarly as in Remark 2.2 prove that any closed extension @ of @, is normal-
ly solvable and that the necessary and sufficient condition for the existence of the
solution u* to the equation

Ou=f
is the same but now it is

#(O,) = {u € 2(0.); ult) = T(1)¢, where Cekzim./tf (B + 3’%)}

(6]

and of course A(0*) = A(0,) .

Theorem 2.6. Let the assumptions and the condition (2.16) of Theorem 2.5 be
fulfilled. Then the found w-periodic solution of (2.1) (with y = 0) is stable.

The proof follows immediately from the equality |2, e™** dE(4) ¢|* = |¢|?
holding for ¢ € H, te R™.

3. PERIODIC SOLUTIONS TO THE SECOND ORDER LINEAR
DIFFERENTIAL EQUATION

For the sake of uniformity of the treatment we work here only in a Hilbert space
since only some special cases we are able to investigate in a Banach space.

3.1. Equation with a dissipative term. Let the equation
(3.1.1) u (1) + 2(x + BA) u,(t) + (4 + yD) u(t) = f(r), teR*
with the initial data
(3.1.2) u(0) = e 2(4), (x + BA)u(0) + u 0) =y eH,

where 4 is a selfadjoint operator 2(4) « H > H, A = [ AdE(A), m > 0,4, 20, y
are real numbers and f: R* - H be given. A function u(t) is called the solution of
(3.1.1),(3.1.2) if u € U,(J), for any compact interval J = R*, u(f) satisfies (3.1.1) inR*
and u(0), u,(0) satisfy (3.1.2).
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Proposition 3.1.1. If u(t) is a solution of (3.1.1)—(3.1.2) then

(3.1.3) u(t) = J(t) @ + K(t) ¢ + _[;K(t —1)f(r)dr, treR*,
where
J(t) = J:e‘(”“)‘ cos [ /(A + v — (« + BA)*)] dE(2),
_ we— e SIIL(A +y — (2 + BA)?)]
K = [ e L 4

On the other hand if u(t) is given by (3.1.3) with ¢ € D(A) 0 D(BA?), Y € D(A"*) n
N D(BA), f e C(R*, 2(A"?) n D(BA)) then u(1) is a solution to (3.1.1)—(3.1.2).

Proof. Let u(f) be a solution to (3.1.1)—(3.1.2). Writing in (3.1.1) 7 instead of ¢
aplying the operator K(¢ — t) to it integrating by parts and making use of (3.1.2)
we verify easily that u(r) satisfies (3.1.3).

On the contrary if u(t) is given by (3.1.3) with ¢ € 2(4) N D(BA?), Y € D(A?) A
N 9(BA), fe C(R*; 2(A"?*) n D(BA)) then using Proposition 1.1.2—1.1.5 we find
easily that u(¢) is a solution to (3.1.1)—(3.1.2).

If a smoother solution is required then the following proposition the proof of which
follows from (3.1.3) and from. Propositions 1.1.2—1.1.5 may be useful.

Proposition 3.1.2. If @€ 2(4"*") 0 2(BA**?), Y e DA ?) A 2(BA*?), fe
e C(R*; 2(A" %) A 9(BA**1)), (v = 0) and u(t) is a function defined by (3.1.3)
then u € U%0, »)), Yo > 0.

Since a solution u(f) = U(e, ¥) (1) of (3.1.1)—(3.1.2) is uniquely determined by ¢
and Y, there exists an w-periodic solution to (3.1.1) iff there exist ¢ € 2(A4), Y €
€ 9(A"?) ~ 9(BA) such that

(3.1.4) U(e, ¥) (@) — U(ep, ¥)(0) =0,
U, ¥) (@) = Ue, ¥) (0) = 0.
Inserting (3.1.3) into (3.1.4), denoting x = % if B = 0 and » = 1if B # 0 and putting

(3.1.5) ¢ =A%,
we have
(3.1.6) — A K@)y + (I — J(w)) ¢ = 4" J :K(a) — 1) f(z) dr

(I = J(w) y + A %A + 9I — (al + BA)*) K(w) ¢ =f J(w — 1) f(r) dr.
0
Applying Lemma 1.2.1 to (3.1.6) we get the following
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Theorem 3.1.1. Let o, fe R*, « + B > 0, y, v = 1 be real numbers and let —y be
at most an isolated point of o(A). Let fe C(R*; 2(A**'/?) n 9(BA**")) be -
periodic on R*. Then there exists an w-periodic solution u(t) to (3.1.1) iff

(3.1.7) f:(f(f), Ode =0, Ced(d+ 7).

If the condition is satisfied then u € US(R™).

Proof. Denote

(3.1.8) A, =ra,.j(z) dE(D), ij=1,2,...,
— [* o @rparw-n g SI (4 +y = («+ B4a))] 2) de
fi f el S e,

o= f "o @r O cos o[ (A + 5 — (« + BA)]S(2) dr,

0
D = A14;, — A4,

where

a = —e (@+pDo xSinw[\/(l-i-‘y ——(a_l_ﬂ/q')Z]
11(%) (@+pa)o) J@+7y = («+ p2)?)

a;5(2) = ay(A) =1 — e P cos w[ /(2 + 7y — (¢ + BA)?)],

apa(h) = e=rmo AT = @ B G (o 4 )],

AX

Ae{m, o).
Clearly,

d(2) = ay4(2) ay,(2) — ai,(2) =
= —e 2@HINe 4 2emHINO cos [ \JA + 7 — (a + BA)?] — 1
and
A ={iem, ©); d(2) = 0} = {—y}.

Further

d(].) é _e—2(a+ﬂl)w + 2e—(a+ﬁi.)m 1= - (1 _ e—(z-HU)m)Z é
< (1 - ey <o

for 1€ {m, o) such that A + y — (« + p4)*> = 0 and
[d(2)] = |e™?* — 2e™* ch o[ /((« + BA)* — A —p)]| >0

for Ae {m, o)\ A such that 4 +y — (¢ + p2)* < 0. As —y is an isolated point
of o(A), there exists 6, > 0 such that |d(1)| = &, for A€ o(A)\ A (it suffices to set
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8o = min [(1 — e~ @*/m)2 inf {|ch aw — ch w[/(2 + y — (« + BA)?)]|:
Aea(A)N {AeR; A+y—(x+ i)y < 0}\A}].
Hence all assumptions of Lemma 1.2.1 are satisfied and a solution to (3.1.6) exists iff
(3.1.9) [f1. 2] L A(A),

where A is defined by (1.2.1). But

(3.1.10)  A(A) = {[l//, FleH; v, geN(A+ ), =1 ﬁfy ¢},
y

since A(D) = (E(—y+) — E(—y)) H = A(A + yI) and the system (3.1.6) with
S =01is on A (A + yI) equivalent to the equation

Vo= x = By @ (for y + 0; otherwise a@ = 0).

lvl

It remains to prove that (3.1.9) is equivalent to (3.1.7). But (3.1.9) may be rewritten
in the form

(fla'/’) +(f23¢) =0, [‘/’s ‘ﬂe‘/‘/(A)

i.e.

(3.1.10) (fz § I‘B”f1 > =0, geN(A+]).

Denoting P = E(y+) — E(y) and using (3.1.8) we have for y € A7 (A4 + yI)

_ o~ HBAT | gx sin o(\/(4 + v — (« + p4)*))
0—(Jo )[A VA +y = (@ + pA)?) "

b B con o4y = e pa) 000 Pw) -

o« — py

R

# P oy g2 -4 )| Pr e w) -

= <J. e @~ ””'I:l ol lshtla By| + [» lﬂ chr]a—ﬁyl] P f(z)dr, )_
0 By

—-—y— T), T
- MLU() v)d
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for o #+ Py; otherwise we proceed anologously. Expressing the solution [y, @] of
(3.1.6) similarly as in (1.2.16) and making use of Proposition 3.1.2 we find easily
that every w-periodic solution of (3.1.1) belongs to U5(R™).

Remark 3.1.1. Let the assumptions of Theorem 3.1.1 be fulfilled with v = 1. Define
the operators ©,, ©, by the equalities

Oott = u,, + (« + BAu, + (A + y)u
O =u, —(«+ pA)u, + (4 + y)u

forue 2(0,) = 2(0,) = {u e U0, w)), u(0) = u(w), u,(0) = uw)}. If we define
the operator @ in the same way as in Remark 2.2 we can prove similarly the normal
solvability of @. A solution to the equation Qu = f exists iff (2.9') is fulfilled. Here
N(0,) = {ue2(0,);u(t) = {e /(A + yI)} and, of course, #(O%) = (O,

Corollary 3.1.1. If y + m > 0 then —y ¢ o(A), (3.1.7) is fulfilled for every fe
€ C(R*; 9(A"?) n D(BA)) and there exists a unique w-periodic solution to (3.1.1).
It may be easily shown that this solution is given by

u(t) = f:K(s) f(t —s)ds, 1eR*.

This procedure may be generalized for the case of the Banach space. That will be
shown in the paper of M. SovA which is in preparation.

Theorem 3.1.2. Let the assumptions and the condition (3.1.7) of Theorem 3.1.1
be fulfilled. If y + m > 0 and y + m = 0 and y + m < 0 respectively then every
w-periodic solution is exponentially stable and stable and unstable respectively.

The proof is analogous to that of Theorem 2.3.

3.2. Equation without a dissipative term. In this section the equation
(3.2.1) u(t) + (4 + yI)u(t) = f(t), teR*
is dealt with.

Theorem 3.2.1. Let y, v = 0 be real numbers. Let A be a selfadjoint operator
9(A) =« H- H, info(d) = m >0 and let there exist numbers ¢ >0, ¢ =0
such that

(32.2) inf ’\/()~ ) = 2km
k=0,+1,... w

2.2 R
gi, Aea(A) N 4k’m -y
A w? k=0,%1,..
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holds. Let fe C(R*; 2(A°***'1?)) be w-periodic on R*. Then there exists an -
periodic solution u(t) to (3.2.1) iff

@ (AY2 sin o( (A + 7I)) _ -
623 [ G S Ll
sin Jo(/(A + 7I)) “ 08 T T T = or
v = () e e s =0 s

peN, =N (sin % (J(4 + yI))) :

If the condition is satisfied then u € UY(RY).

Proof. Now an w-periodic solution to (3.2.1) exists iff the system

— w — COS w =
(3.2.4) VR v+ (1 (4 + ) @

_ j“"sin o(JA + 7I)
o A4+

(1 = cos o(\/(4 + D) ¥ + J(A + D) sin o (J(4 + 7)) ¢ =
_ j “oos (4 + 91)) 1) d

f(x) de

for the initial values u(0) = ¢, u,(0) = ¥ has a solution. Retaining the notation
(3.1.8), (3.1.5) with « = B = 0, (3.2.4) is equivalent to

A[Wa 973] = [fl’fz] s

where A is given by (1.2.1). In the sequel we make use the following

Lemma 3.2.1. If g,, g, € 2(A°) then [g,, g,] € #(A) iff [91, 92] € & (A)*.

Proof of Lemma. Obviously

d(3) = ayy(3) az(2) — a2,(A) = —4sin? %(\/(z +7))

and

2.2
A={ieR;d(?) =0} = {‘”‘f -—-'y}
w k=0,%1,..

Set [g1, 92] € #(A)". Let P, = E(A4+) — E(4) where, 4, = 4k’n?*|w® — v, k =
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=0, £1, .... Similarly as in the proof of Lemma 1.2.1 we find easily

Pk(A2191 - Augz) =0,
Pk(A2291 — szgz) =0, k=0, +1,...

Hence A,,9; — A;192, A329, — Ay,9, are ortogonal to

PH= Y PH = N(D).
k=—cw

Since

‘[ d—z(}‘) d(E('l) (Allgl - Angz), Az191 — Angz) =

_ J‘w sin” Jo(y/(4 + 7)) (d E() (2 sin Jo(/(4 + 7)) g1 +

m 16 sin* 1o(/(1 + 7))

+ (-L)m cos %w(\/(A + 91)) gz>,

A+ 9yl

sin Jo(\/(4 + 1)) g, + <A -z: y1>1/2 cos o(/(4 + 7)) gz) =

< const.J' A2(dE(%) ¢, {) = const. | 4%]* < oo,
where

¢ =2sinto(\/(4 + 7)) g, + (

1/2
) " cos Jo(\/(4 + 71)) g, € 2(49),
A+ 9yl

we may put

lll = f d_l(}.) dE(l) (A21g1 - Alng) .
According to

I d—z(/l) d(E(l) (Azzgl - Alzgz)’ Az291 — Alng) < ®

we may put analogously

¢ =j' d_l(i) dE(l) (Azzgx - Alzgz) .
It may be verified easily that [, @] satisfies the system A[¥, #] = [g1, 9.] and hence
[91> 92] € 2(A). The necessity of the condition follows from the selfadjointness of

the operator A.
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To complete the proof of Theorem 3.2.1 it remains to show that

(3.2.5) [f1. /2] e #(A)*
is equivalent to (3.2.3). But
(3.2.6) N (A) = ([, pleH; Yey, Geis)

because A(A) < {[y, ¢] € H; ¥, § € A7,}, the set on the right hand side of (3.2.6)
is a subset of A"(A) and [y, @] e A'(A) implies Poyy = 0. With respect to B* A", =
= W'y, BN, = A, for an arbitrary » we may rewrite (3.2.5) in the form

(W f))=0, YyeA,,
((D,fz)=0, ¢6‘M25

which is evidently equivalent to (3.2.3). The smoothness of the found solution may
be proved analogously as in the preceding theorems.

Remark 3.2.1. Let the assumptions of Theorem 3.2.1 be fulfilled with v = 1. Define
the operators @, ©, by the equalities

Oou = A%, + A%A + y)u
Ou =0 for ue(0,) =
= {u e U0, »); u(0) = u(w), u(0) = uw)} .

The statement of Remark 3.1.1 remains valid with the only change that now it is
H(6)) = #(00) = {u € Ly(<0, w); H), u(t) = J(1) A2 + K(1) ¥,
where ¢ € A (sin /(4 + yI))) n 2(4"?),

The proof is analogous to that in Remark 2.2.
Theorem 3.2.2. Let the assumptions and the condition (3.2.3) of Theorem 3.2.1

be fulfilled. If m + y > 0 and m + y < 0 respectively then every w-periodic solu-
tion is stable and unstable respectively.

Proof.Ify + m > Othen ||K(7)| < 1,
then

JO| £ 1/J(m +y),teR*.Ify + m <0
1K) o] = [EG+) @] »
[7() v| = tin}fsji—r |E(=y+)¥|, o.¥eH, teR*.

From these inequalities our assertion follows immediately.
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4. NONLINEAR PROBLEMS

4.1. First order equation. Let us consider the equation
(4.1.1) u(t) + (A + 9 u(t) = F(t,u), t>0,

where A is a strongly positive operator 9(4) € B — B, — A generates a strongly
continuous semigroup T(7) (te R*) and F : R* x 9, — B is a nonlinear operator
in a Banach space B w-periodic in 7. It is known that T(r) has a holomorphic extension
in some complex domain {z; argz < a, 0 < |z| < w0}, 0 < a < in (see [17] p.
254). Let us note that the operator F is not necessarily a Némyckii operator and
that we write F(t, u) instead of F(1, u) () and e.g. [F(r, ¢ u(t)) dt instead of
[F(z, @ u(+)) (z) dr. In the following keep the definition of the solution given in
Section 1.3. Since the investigation of the existence of periodic solutions to (4.1.1)
is rather complicated in critical cases, we restrict ourselves to the case B = H. To the
study of this problem in a Banach space theory of M. Sova [20] may be used.

Theorem 4.1.1. Let A be a selfadjoint operator 2(A) < H — H with inf ¢(A) =

=m > 0 and let —y be at most an isolated point of o(A). Then an w-periodic
solution to (4.1.1) exists iff the system

t
(4.1.2) u(t) = T(1) (¢, + @,) + f e T(t — ) F(r, e " u(7)) dr,
0
w
P'[ e T(w — 1) F(r, e " u(r)) dt = 0,
0
¢, = —[(I = P)(e7° T(w) — I)]‘l'[ e @) T(w — 1) F(t, e " u(7)) dr,
0
where P is a projection on A (A + 7I), ¢, = P, ¢, = (I — P) ¢ has a solution
(4.1.3) 01 =01eH, ¢,=0¢3cP(A4), u=u*eUyR").

If the condition is satisfied then the sought w-periodic solution is u*(t).

Proof. The existence of [(I — P)(e™?* T(w) — I)]~! was shown in the proof of
Theorem 2.3. Let the system (4.1.2) have a solution (4.1.3). It may be verified easily
that u*(¢) is a solution of (4.1.1). Further by (4.1.2,) and (4.1.2;)

(o) = 0) = (7 T(0) = Do} + 99 + [ 7 10 = 9
F(r, u*(z))dt = (I — P)(e™* T(w) — I) 03 +
+ (I - P)fwe”’(“’") T(w — 7) F(t, u*(z))d= = 0,
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which proves the w-periodicity of u*(f) in consequence of a unique determination of
a solution by its initial data. On the other hand if (4.1.1) has an w-periodic solution u*
then we find easily that ¢ = ¢* = u*(0) and u = u*(1) satisfy the system (4.1.2).

Remark 4.1.1. Evidently, if y + m > O then P =0, ¢, = 0, ¢, = ¢ and (4.1.2;)
may be cancelled.

Corollary 4.1.1. Let the assumptions of Theorem 4.1.1 be fulfilled withy + m > 0,
F(t,u) = ¢ F(t,u), where F(-,+) maps R* x C(K0, »>; 2(A")) into C(K0, w);
D(A*™")) with somev 2 1,0 < n < 1 and let it be

|F(t, us) = F(t, us)]y-y < Lljuy — s,
teR*, uy,u,eCK0, w); 2(4)).

Then there exists for sufficiently small ¢ > 0 a unique w-periodic solution u*(e) (+)
€ U,_(R") to (4.1.1) and it is continuous in ¢ in the norm of U,_,(R*).

Proof. Applying the Banach fixed point theorem to the system (4.1.2) for
[u, ] € C(0, w); 2(A4%)) x 2(A’), we find an w-periodic function u = u*(-)e
€ C(R*; 9(4”)). But as, in virtue of the assumption, F(+, u*(+))e C(R*; 9(4*7"))
and u*(¢) satisfies the equation (4.1.2,), it is by the proposition 3.1.2 u* e U,_,(R™").
(Even a simpler proof follows from the existence of the fixed point to the operator

sf T(z) F(t — v, u(t — 1)) dt, cf. Remark 2.3.)
0

Now let us investigate the nonlinear counterpart of Theorem 2.5.

Theorem 4.2.1. Let A = iB, where B is a selfadjoint operator 29(B) — H such
that there exist constants ¢ >0, ¢ = 0, that (2.15) holds and that there exists

a real B in the resolvent set of B and let F(-,u)e C(R*; 9(B?)) for ueUy(R").
Then there exists an w-periodic solution to (4.1.1) with y = 0 iff the system

(4.9 () = TO) (01 + 03) + | 700 = ) s () d,
P j :T(a) 1) (B — I F(r, u(x)) de = 0,
02 = [0 = P) (B = 1y (1) = 1] [ 10 = 9) (8 — 1 e, ) .
where T(t) is a semigroup generated by — A, P is a projection on to

Y JV(B—F%EI)H, ¢, =Pp, ¢o,=(I-P)o,

k=—o w
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has a solution @, = ¢% € D(A), ¢, = 9% € D(A), u = u*(*) e U(R™). If the con-
dition is satisfied then the sought solution is u*(t).

The proof is quite analogous to that of the preceding theorem. The existence of
[(1 = P)(B — BI)?(T(w) — I)]™* was shown in the proof of Theorem 2.5.

4.2. Second order equation with a dissipative term. Let us consider the equation
(4.2.1) u(t) + (af + BA) uft) + (A + yI)u(r) = F(t,u), teR*,

where A is a selfadjoint operator in H, inf6(4) = m > 0 and F: R* x @, - H is
a nonlinear operator in H e-periodicin tand « > 0, = 0, & + 8 > 0, y are real
numbers. Let us keep the notation of paragraph 3.1 and the definition of the solution
as given there.

Theorem 4.2.1. Let —y be at most an isolated point of o(A). Then an w-periodic
solution to (4.2.1) exists iff the system

(4.22) u(t) = J(t) AP, + ;) + K(t) (Y1 + ) + L;K(t — 1) F(t, u(7)) dt,
PKF(T, u(@) dr = 0,

wz=4u—Pﬂﬂ”j?*”““”*m@—%@LﬂA+vr—@+ﬁ®ﬂb

*sin Jo[ /(4 + yI — (oI + BA)?)] F(z, u(c)) dt,
A*e~ @tpA)(w-1)

+ 90 = (ad + BA)?)
V(A 4 oI = (o + BA)?)] *sin o[ /(A + yI — (af + BA))] F(z, u(x)) dr,

where P is a projection on A(A + yI), §; = P§, ¢, =(I — P) ¢, Y, = (I — P) ¢,
VU, =Py, x=3%if f=0and x = 1if B # 0, has a solution

cos (t — 1v).

e

(4.2.3) ¢ =0TeH, ¢,=0¢3e2(4"%)n 9(BA), ¥ =YieH,
Vs = Ve D(AY?) A D(BA), u = u¥(-) e UYRY).
If the condition is satisfied then the sought w-periodic solution is u*(t)

Proof. The existence of [(I — P) D]™! was shown in the proof of Theorem 3.1.1.
Let the system (4.2.2) have a solution (4.2.3). It may be verified easily that u*(f) is
a solution of (4.2.1). Further, the w-periodicity of u*(f) is equivalent to

(4.2.4) u¥(w) — u*(0) =0, ul(w)— u7(0) =0,
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since every solution of (4.2.1) is uniquely determined by its initial data. But (4.2.4) is
equivalent to

(4~2'5) A[|//, @J = [f1af2] >

where A is given by (1.2.1), (3.1.8) and

Ji= JwAXK(w — 1) F(t, u(t)) dz,

0

f2= J J(w — 7) F(r, u(t)) dt .

(0]

It is shown in the proof of Theorem 3.1.1 that 2(A) is closed; so (4.2.5) is equivalent to
(4.2.6) Plf1.f2] =0,

[‘//2’ (ﬁz] = [(’ - P) A]—l [fbfZ] 5
where P is a projection on A (A), [Yy, ;] = Pl &), [¥2. @] = (I — P)[¥, &].
Using (3.1.10) we obtain after simple calculations that (4.2.6) is equivalent to the
system (4.2.2,), (4.2.2;), (4.2.2,). Hence u*(1) is w-periodic.

On the other hand, if (4.2.1) has an w-periodic solution u*(f) then we find easily
that y* = u7(0), * = A u*(0) and u*(¢) satisfy the system (4.2.2).

Theorem 4.2.2. Let y + m > 0 and F(t, u) = h(t) + ¢ F(t, u), where h e C(0, w);
(A 11%)), F(-, u(+)) € C(K0, w)y; 2(A**11?)) for u e C(0, w); D(A***) and

(42.7) [FCua(4)) = FCoua(Dlvwssp < Ljus = wafas Sor
uy, uy € C(K0, wy; P(A"*1))
if B =0 and where

he C({0, ); 2(A**Y)), F(-, u(+)) e C(K0, w); 2(A**1))
for ue C(K0, w); 2(A**?)) and
IFCs () = FCoua(Dlvsr = Ljuy = uzvse

for uy, u, € C(0, w); D(A**?)) if B # 0, and h and F are w-periodic in t on R*.
Then there exists for sufficiently small ¢ > 0 a unique w-periodic solution u*(e) (r)
and u*(¢) (+) € UY(RY), u*(e) (+) is continuous in the norm of US(R™).

Proof. It is clear that there exist constants ¢; > 0 and ¢, > 0 such that

(4.2.8) [JO] £ eih |A*K@)| S ¢;h 140, 0).
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Suppose that = 0 (for the case of B # 0 the procedure is quite analogous). Let
u € UJ(€0, D). Then u € C(<0, m); Z(A**")) and accordingly F(+, u(+)) e C(<0, w);
P(A’*11%)). From this we find easily that [§ K(t — t) F(r, u(t)) dv belongs to
UY(<0, w)). We see that the operator G,(¢) (¥, @, u) defined by the right hand side
of (4.2.2,) (where in virtue of P =0t is Y, = ¢, =0, ¥, =y, ¢, = ¢) maps
R* x 9(A*1%) x 9(A**11?) x U0, )) into U0, w)). Further, according
to the (4.2.7) and (4.2.8) G, fulfils the Lipschitz condition

”Gl(s) ('//, @, ul) - Gl(ﬁ) (l//, P, u2)”v+l = awCZL"ul - “2“v+1

forevery Y, ¢ € H, uy, u, € UY(K0, w)). According to the Banach fixed point theorem
there exists an g, > 0 such that for ¢ e <0, ¢;) there exists a unique solution
u*(e) (Y, ¢) € US(K0, w)) for every fixed ¢, ¢ € 2(A**'/?) and this solution clearly
satisfies the condition

(4.2.9)  lu(e) (Wi, @) — ule) (Y2, @2)v+1 £ (1 + ec,L)™ m™" max (cy, ¢,) X

+ (W1 = Vallere + |81 = Gallvsrra), Vo Gre2(47*17) (i =1,2).
It is clear that the operator G,(¢) (¥, @) from H x H into itself defined by the right
hand sides of (4.2.23), (4.2.2,) maps 2(A**'/?) x 9(A**'/?) into itself. We obtain

easily from (4.2.7), (4.2.9) that the assumptions of Banach fixed point theorem are
satisfied in B(Yo, Po, £2; D(A"*1/?) x D(A**1/?)), where

2[(1 — P)D]™! J T Aer®eT (t — 1o).
o V(A + I — (aI + BA)?)
(A + 91 = (af + BA)?)] #sin Jo[ /(4 + 91 — (al + BA)?)] h() d=,

It

Yo

Go = —2[(1 — P) D]-lr’ AT s (e — 1w).
o J(A + 7l — (aI + BA)?)
V(A 4 oI = (a + BA)?)] *sin o[ /(A + 91 — (el + BA)?)] k() do

€, is sufficiently small and so there exists a unique pair [*(e), ¢*(g)] € 2(4***/2) x
x 9(AT11?) (e€ <0, &,)) satisfying the system (4.2.2;), (4.2.2,). Because of the
continuity of y*(¢), *(e) in & € 0, &, in the norm of (A**'/?) and of the continuity
of u*(g) (Y, @) in &, ¥ and @, u* is continuous in & € <0, &*) where £* = min (g, ¢,),
in the norm of U2(0, ). The assertion of Theorem in the full generality follows
from the w-periodicity of u*(g) (y*(¢), $*(¢)) (t). (Even a simpler proof follows from
the existence of the fixed point to the operator [§° K(s) F(t — s, u(t — s))ds (cf.
Corollary 3.1.1).)

4.3. Second order equation without a dissipative term. Now let us consider the
equation

(4.3.1) u 1) + (A + 1) ut) = F(t,u), teR*,
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with A, y and F as in Section 4.2. We still keep the notation of Section 3.1. Besides, let
us introduce the projections P and Q respectively on A/ (sin w(\/(4 + yI))/\/(4 + 7I))
and on A (sin o(\/(4 + yI))) respectively.

Theorem 4.3.1. Let there exist ¢ > 0 and ¢ = 0 such that (3.2.2) holds and let
F(-,u)e C(R*; 9(A%) for ue Uy(R*). Then an w-periodic solution to (4.3.1)
exists iff the system

(4.3.2) u(t) = J() A~ Y2(@, + @) + K1) (Yy + ;) + J:K(t — 1) F(1, u(t)) dr,

CATsin o(J(A+ D) | o ue) de =
PL e AF(z, u(r) dr = 0,

0 j:cos /(A + yI)) * A%F(7, u(z))dr = 0,

¥, = 2[(I — P)A°D]™! f:sin (t — o) (VA + 7I) *
* sin fo(\/(4 + yI)) * A°F(, u(7)) dz,

@=—4a—mmmﬂf(AyfkwwﬁmwA+M*

A+l
* Sin %w(\/(A + 9I)) * A°F(t, u(t)) dt,

Where llll = Pll” ‘//2 =(I_ P)‘P: (ﬁl = Q(ﬁ’ (:752 =(I - Q)(;j’ (¢a¢EH), has
a solution

(4.3.3) Lorea(4'?), (i=1,2), u*eUg(R")."
If the condition is satisfied then the sought w-periodic solution is u*(t).

Proof. The existence of [(I — P) A°D]~" and [(I — Q) A°D]~ " was shown in the
proof of Theorem 3.2.1. Let the system (4.3.2) have the solution (4.3.3). It is clear
that u*(t) is a solution of (4.3.1) and that it is w-periodic iff the system

A[Iﬁ, (,5] = [fl’fz] »
where A is given by (1.2.1), (3.1.8) (with & = g = 0) and

fi= J‘wAl’sz(w — 1) F(t, u*(7)) de,

0
fa= J. J(w — 1) F(t, u*(z)) dt,
0
has a solution [y*, $*] e H.
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It follows from (3.2.6) that A[y1, #1] = 0. As ¥}, ¢} (i = 1, 2) satisfy (4.3.2,_5)
we have A[A%y¥, A%G%] = [A%f;, A%,] and hence

A[‘//*, (ﬁ*] = [flsz] .

On the contrary if there exists an w-periodic solution u*(f) then it is easy that ¥, ¢¥
(i = 1, 2), u*(t) given by y* = u¥(0), ¢* = A2 u*(0), Y = Py*, y¥ = (I — P) y*,
¢% = P@*, ¢% = (I — P) ¢* satisfy the system (4.3.2).

At the end of the paragraph we introduce one special procedure of solving of the
system (4.3.2). This procedure is used in paragraph 5, where an example is given.

Theorem 4.3.2. Let the assumption of Theorem 4.3.1 be fulfilled and let F(t, u) =
¢ F(t,u). Suppose that the operator F has the continuous Gdteaux derivative
Fi(+, u) : C(K0, w); 2(A**1)) = C(K0, w); (A’ **1/2)) (v = 1) and that the equa-
tion

® 41/2 o;
(434 6w, g = p [ L)
0 V(A + 1)

+ K(7) y,) dr,

0 j:cos 1(J(A + yI)) * A%F(x, J(r) A='*@, + K(7) ¥,) dr] = [0, 0],

A°F(t, J(r) A7 2@, +

have a solution y$e P D(A**'?), ¢%e Q D(A*'/?) such that there exists
[Gly. 003, @9)]7" continuous as the mapping P 9(A**11?) x Q 9(A**/?) into
itself. Then there exists gy > 0 such that for €e€<0,¢,) there exists a unique
w-periodic solution u*(e) () of (4.1.1) such that u*(0) (1) = J(t) A= 3 + K(t) 3
and moreover

uw*(+) (+) € C(€0, 2); UY(R™)) .

Proof. It is clear that for the existence of an w-periodic solution u* € UJ(R*) itis
sufficient to show that the system (4.3.2) have the solution u; = u* e C(<0, w);
9(Av+l)) — Bl’

wr =Y € PO(A) = By, wy = Gie QA4 = By,
ug =y e(l — P)@(A"*"?) = B,, us=¢,e(l — Q) 9(4**'/?) = B;,

where B,, B,, Bs, B,, B; respectively are the Banach spaces with the norms defined

by [udley = [usllvsrs [uallay = luzlvssje Jusllny = lusla Nuallcay = [uallcay.

us|/(sy = |us]|c2y respectively for u; € B, i = 1, ..., 5 respectively. Let us investigate

the system (4.3.2) in the Banach space B = B, x B, x By x B, x Bs (|u]; =
5

=:;1 [ui|i)» where u = [uy, u,, us, uy, us]). Define the operator
G(e) (u) = [Gi(e) (u), Gale) (u), ..., Gs(e) (u)],
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where u = [“1! Uz, .., us] € B,

Gi(e) (u) (1) = uy(t) — J(£) A 2(uy + us) — K(1) (uy + us) —

’EJ:I.((’ — 1) F(r, uy(7)) dz

F(z, uy(v)) dr,

2 (u) = @ A2 sin (/A + yI)
00 r [

Gy(e) (w) = J :cos o(JA + 1) F(z, u,(2)) de .

Gy(e) (u) = u, — 26[(I — P) A°D]"* f :sin (c = 30) (JA + 91) %

* sin Yo(\/A + yI) * A°F(z, u,(7)) dr,
Gs(e) (u) = ug + 2¢[(I — Q) A"D]“J‘w<#_A___>”2 ,

A+ vl
% cos (1 — 1) (A + 7I) = sin 3o(\/A + 9I) x A°F(z, u,(7)) dr .
Clearly we have G(&) (u) € B for u € Band for any ¢ > 0. Further it is obvious that for
u=u=[J(-) A9 + K(-) 3%, ¥$, 39, 0, 0]
it is
G(0) (u®) =0

and that the operator G(e) (u) have the continuous Fréchet derivative G)(¢) (u) in B
for any ¢ 2 0. Prove that there exists [G[(0)(u°)]™': B — B continuous. Let
h = [hy, h,, ..., hs] € B be arbitrary. Solve the equation

G,(0) (u*) @ = h.

As GY0) ()T = [ — J() A~V3(@, + i) — K(*) (35 + ),

P ,[ : A7 S\i;(;(\i(:l; M) ekie, 2(2) A58+ 39) + K() (08 + ¥) i, (5) d,

Qrcos W(J(4 + yI)) * AF;(x, J(z) A~V + 9) + K(z) (y§ + ¥3)) ity(7) dr,
o .
iy, @s] and [Gpy, o, (Y1, 97)] 7"

is a continuous mapping B, x Bj into itself we may express easily @ by means of h.
Besides, we find that
¢ [hls = [d]e
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with a constant ¢ > 0 independent of h and u. We see that all the assumptions of the
implicit function theorem for the equation

(4.3.5) Gle) (u) = 0

are fulfilled (see e.g. [21] p. 305) and so there exists for sufficiently small ¢ > 0
a unique solution u*(¢) e B to (4.3.5) such that u*(0) = u® and u*(e) is continuous
in ¢

5.1. An example. Let Q be a parallelepiped, Q = (0, 7a,) x (0, na,) x ...
. x (0,ma,), a; >0 (i = 1,...,n) and H = Ly(RQ). Let the operator A be defined
by

(5.1.0) Av ==Y Z—i’ for ve 2(A) = WH(Q) n W,(Q)
1 0x
(in the sense of distributions).

Lemma 5.1.1. The operator A is selfadjoint.

Proof. By the Neumann theorem (see [22] p. 121) it suffices to show that #(A) =
= H. Lzt g € H and write it in the form
g(x) = Y ggsin sin@...sin—lﬁ'—&‘,

1=5kj<ow ag a, a,
Jji=1,.., n

k=[ky...k], x=[x5,%5..,%x,]€Q.

kix,

It is clear that the relation

RN Ky .k,
(5.1.1) o(x)= Y, > =) gksin—x;..sin—"x,, xeQ
1sk;<e0 \i=1 a? a, a,
ji=1,..,n
defines such an element of W7(Q) that Av = g. Since every finite sum in (5.1.1)
vanishes on 9Q, v = 0 in L(9Q) with q arbitrary and we have v e Wj(Q) (see [23],

pp. 86—87, Th. 4.6, 4.7, 4.10).

Lemma 5.1.2. The spectrum o(A) of the operator A consists of the point spectrum
0,(4) = {4 =-§=_:1k,?/af; k =[ky, ks ... k,], 1 Skj<oo(j=1,...,n) integers}

and to the eigenvalue ), there corresponds the eigenfunction v(x) =
= sin (kyx,[ay) ... sin (k,x,[a,).

Proof. The discreteness of a(A4) follows from [24] (p. 250, Th. 14.6) and the
remaining facts may be verified easily by a straitforward calculation.
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Lemma 5.1.3. Let o = 2npo/qo, a; = p;lq; (j = 1,...,n), where p;,q; (j =
=0, ..., n) arerelatively prime positive integers. Then for A€ a(A)\ {4k*n?[w?} 2,
the relation

(5.1.2) min

k=0,1,.,

a2

w

1 n
, where p=1T]p;
3p \/) j=o0

holds.

Proof. Indeed, if k = [kl, . k,,], and [, is such an integer that

"kf 2 ikf._zl_on
j f = af [0)]
ln k,z-qjg_lo%
590
2
R

,2 Po
. sin Yo /A .
Lemma 5.14. It is /' =4, =4 [—") = &, = H(sin o J4) =

min
1=0,1,...

then

(i) e i

. kx . kyx .
=% <{uk(x) =sin—L . . sin""; xeQ there exists a positive integer | such
a,

a,
n k2 lqu c
that Y —L= —"}) .
<ta}  pg

|

Proof. The assertion is clear by Proposition 1.1.1.

Theorem 5.1.1. Let the equation (3.2.1) be given with A defined by (5.1.0), (y = 0)
and let fe C(R™; 2(A**")), (v 2 0), be w-periodic on R*. Let » and a; (j =
= 1,..., n) fulfil the assumption of Lemma 5.1.3. Then an w-periodic solution u(t)
of the equation (3.2.1) exists iff

(5.1.3) J J f(t, x)v(x)dx dt = 0 holds for every ve N .
0oJe

If the condition is satisfied then u € US(R™).

Proof. Let us verify that all the assumptions of Theorem 3.2.1 are satisfied. The
selfadjointness of A is guaranteed by Lemma 5.1.1. The assumption (3.2.2) follows
from (5.1.2) with ¢ = . The condition (5.1.3) is evidently equivalent do (3.2.3) in
virtue of Lemma 5.1.4.
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Remark 5.1.1. Since 2(A*) = W;*(Q), the found solution is a classical one as soon
as v > 1 + in by the Sobolev imbedding theorem.

Lemma 5.1.5. Let n = 2,3 and let f = f(t, X, u) be a function which is continuous
on {0, T) x Q° x (—o0, ), (T > 0), together with its derivatives
o o & & &
ox;” ou’ ox;0x;  ox;ou ou*’
L<i,jEn andlet f(1,%x,0)=0 for te<0,T), xedQ.

Then for any o(+, *)e C(KO, TY: W7(Q) n W5(Q)), f(+, -, v(+,*)) belongs to
C(<0, Ty; W3(Q) 0 W,(Q)). Moreover, if

of of o*f o} o 3f o3 o*f _61

’5—;,-’ ou’ ox; ox;  ox;0u’ out’ ox; ax; 0x; 0x;0x;0u Ox; 0u’ oud

(1=i,j,ksn)

are continuous in all the variables then f(+, +, u(+, +)) fulfils the Lipschitz condition

(514) 2w ) = SO S L) = e, )

where uy(+, +), uy(+, *) € C(K0, TY; WZ(Q) n W, (R)) and it has continuous Gdteaux
derivative f,(+, +, u(*, *)) as the mapping from C(0, TY; W}(Q) n W,(Q)) into
itself for any u e C(0, TY; WZ(Q) n W, (Q)).

The proof follows readily from [25] Lemma 1.2, from the Sobolev imbedding
theorem and from the lemma on traces (see [23] pp. 86 —87).

Lemma 5.1.6. Let n = 4, and let f = f(t, x, u) be a function defined on <0, T) x
x Q° x (—oo0, oo), (T > 0), such that f(t, x,0) =0, te<0, T), x e dQ. Suppose
that for any u = u(-, *) € C(€0, T); W3(Q) n W,(Q)) the following inclusions are
valid:

2
g(-,-,u), o7 (v, =, u) € C(K0, TY; Ly(Q)),
0x; 0x; Ox; ;
2
Q(,, S u), f)—{(-, -, u)€ C(K0, T); L,(9)),
du ou ‘

o*f
Ox; Ou

i

(v, u) e C(K0, TY; Ly(Q)), ij=1,23,4.

Then f(-, -, u) e C(<0, T); W7(Q) n W3(Q)).
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Moreover, if all the derivatives mentioned above fulfil the Lipschitz condition in
the corresponding spaces and if they have as the operators from C(<0, T); WZZ(Q) N
N W;(Q)) into corresponding spaces the continuous Gdteaux derivatives then
f(+, +, u) fulfils the Lipschitz condition (5.1.4) and there exists a continuous Gdteaux
derivative f,(, -, u) as the mapping from C(<0, Ty ; W3(Q) \ Wi(Q)) into itself
for any ue C(K0, TY; W3(Q) n W,(Q)).

The proof follows from the papers mentioned in Lemma 5.1.5.

Theorem 5.1.2. Let the equation
(5.1.5) u(t, x) + Au(t,x) = e[u — h(t, x) + &f(t, x,u)], teR*, xeQ

be given with A defined by (5.1.1) and with a; fulfilling the assumption of Lemma
5.1.3. Let n = 2,3 and n = 4 respectively. Suppose that h(+, +) e C(<0, ); W3(Q) n
N W,(Q)) and that f(t, x, u) fulfils the assumptions of Lemma 5.1.5 and Lemma
5.1.6 respectively with T = w. Let h and f be w-periodic in t with @ = 21p,/qo,
where po, qo are relatively prime positive integers. Then for sufficiently small
¢ > 0 there exists a unique w-periodic solution to (5.1.5) which is continuous in ¢
in the norm of U(<0, »)).

Proof. Denote
I’q0 _ ¢ Kk ,
S =k = [k kysky]; —% =) L for some integer I} .
p )

Obviously it is sufficient to verify the assumptions of Theorem 4.3.2. Here we set
F(t,u) = u — h(t, *) + ¢ f(t, -, u). The existence of the continuous Gateaux deriva-
tive of F is guaranteed by Lemma 5.1.5 and Lemma 5.1.6 respectively (for n = 2, 3
and for n = 4 respectively). After some arrangements the equation (4.3.4) may be
now written in the form

(5.1.6) GO, 1) = [ ~ Jh (ﬁ}inz e Vi dr)_l .

( j :hk(r) sin © /1, df)] b =0,
G,(0)(¥1, 3;) = [ — S (J:cosz e Jh dr>_l.
. f i (1) cos dr]vk _o,
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which yields immediately the solution

II

W ke

Y1 —Z\/ij (1) sin T /2, dt o,

|l

@) == Z\/l -[ (1) cos T \J A dT v

(Here Y, ¢, and h,(t) respectively are Fourier coefficients of the functions ¥, @ and
h(t, ) respectively.) Finally, because of (5.1.6), [Gyy, o(¥3, ¢9)] 7" is the identity
operator, which completes the proof.

Remark 5.1.2. Evidently, we may require that the function f(t, -, u) fulfils the
assumptions of Theorem 5.1.2 only in the neighbourhood of u = uo(t, ) =
= J(t) A7'* @3(-) + K(1) y1(+) (cf. Theorem 4.3.2).

Remark 5.1.3. We are not able to surpass n = 4 for the number of space dimensions
according to the term (0°f/ou®)(0*f/ox; dx;) in the total derivative 8%f/0x>. We
could overcome this limitation looking for less smooth solutions putting 2(4) =
= W,(Q). On the other hand the restriction on f to depend only on u and not on its
derivatives is unavoidable in the frames of the present theory.
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