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Let A be a closed linear operator on a Banach space E. We study periodic
solutions of the differential equation dNu(r) /dtN = Au(t) with an arbitrary
integer N > 1.

Let E be a Banach space and let A be a closed linear operator on E with domain
D(A) (not necessarily dense in E). Given anumber 7 > 0 and an integer N > 1,
we consider the problem

N
d—u(t):Au(t), u(t+T)=u(), —oco<t<o0. (1)
drN
A function u : R — E is a classical solution of (1) if u € CN(R, E), u(t) €
D(A) for —o0 <t < 00, and (1) is satisfied. Each classical solution of (1) is a
smooth T -periodic function on R. Therefore, (1) is called a periodic problem.
The equivalent boundary value problem on the finite interval [0, T] is

N

d
dt—Nu(t) =Au(), 0=<r<T, @

M(j)(())zu(j)(T), j=0,....,.N—1,

where classical solutions belong to C N([0, T, E). We deal mainly with problem
(1) taking into account (2).

These problems and their modifications (cf. (30) below) have been treated
often for the case N = 1 under some special assumptions. We refer to several
examples in the literature:

(i) A is bounded [2].
(ii) A is the infinitesimal generator of a C¢y semigroup [5, 8].
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490  On periodic solutions of abstract differential equations

(iii) E is a Hilbert space and A is normal [11].

(iv) A is a differential operator of a prescribed structure [3, 9, 11].

There are more general problems of such kind, see for instance [4, 6, 9, 11].
Extensive bibliography of the subject can be found in [11]. Arguments of the
periodicity are very useful also for the spectral theory of Co semigroups [1, 8].

The aim of this paper is to show that the periodic problem (1) may be studied
by elementary approach, without loss of generality. It is clear that (1) has always
the trivial solution u(t) = 0. We first consider the question: are there other
classical solutions? A result similar to Theorem 1 is given in [6, page 65] for
the case N = 1 (see also [4, Theorem 4.3]).

THEOREM 1. Let A be a closed linear operator on a Banach space E. Then the
periodic problem (1) has exactly one classical solution u(t) = 0 if and only if
none of the numbers A = (2mwik/T)N, k € Z, is an eigenvalue of A.

Proof. If Afy = A fi for some Ay = 2mik/T)N with eigenvector fi # 0 then
the function u(t) = exp(2mwikt/T) fi is a nontrivial classical solution of (1). In
the case of a real E and an eigenvalue A; with k # O the corresponding real
solution of (1) is obtained by the real (or the imaginary) part of the function
u(t) =expuikt/T) fx.

Assume now that none of the Ay = 2mwik/ T)N,k € Z,isan eigenvalue of A.
Let u(t) be a classical solution of (1). Its Fourier coefficients are defined by

1 [T .
fe= /O u(t)e 2TKIT gy, 3)

Then f; € D(A) and

1t , 1 (T )
Afk — _/ Au(t)e—ZIlef/T d[ — _/ u(N)(t)€—27lel/T dt
T 0 T 0

“

1 (2mik N/T (e IT gp 3,

= — u e = .

T\ 7 A kJk

By the assumption we obtain f; = 0 for all k € Z, that is,

T .
/ u(e T dr =0, ke )
0

For a functional f* € E* the scalar T -periodic function f*(u(¢)) is continuous
on R and orthogonal to all exp(2wikt/T) on [0, T]. Hence f*(u(t)) =0 for
—00 < t < 0. By the Hahn-Banach theorem u(t) = 0. O

Remark 2. The proof remains true under the assumptions that E is a sequentially
complete locally convex space and A is a sequentially closed linear operator on
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E (.e., from {g,} C D(A), g, — g, and Ag, — h, it follows that g € D(A)
and Ag =h).

Thus, if none of the Ay = (Zm'k/T)N, k € Z, is an eigenvalue of A then
a solution of the periodic problem (1) must be trivial. Suppose now that there
exist eigenvalues of A among the numbers A. It is clear that the function

2mik , 2mik\N
u(t):u(t;fk)sexp( T )fk, w1thAfk=< T ) fi,  (6)

is a classical solution of (1) (nontrivial if f; # 0). We will show that every clas-
sical solution of (1) can be expressed by linear combinations of the elementary
solutions (6). The next result implies also Theorem 1.

THEOREM 3. Let A be a closed linear operator on a Banach space E and let
u(t) be a classical solution of the periodic problem (1). Then u(t) is represented
by the Fourier series

M(f): Z e271ikt/Tfk (7)

k=—00

with elements fi € D(A) such that Afy = Qmik/T)N fi. The series (7) con-
verges to u(t) in the norm of E uniformly on R, that is, for every ¢ > 0 there
exists an integer ng such that

u(t) — Z PRI pll < ¢ (8)

k=—n

forn >ng and —oo0 <t < oo.

Proof. Fork € Z we define f; by (3). Since u(¢) is a smooth T -periodic function
on R, its Fourier series (7) converges in E to u(¢) uniformly on R. The relations
Afy = Qmik/T)V fi follow from (4). O

Remark 4. The uniform convergence of the Fourier series can be shown in the
usual way using Dirichlet integral. The proof in detail is given in [10] for the

case of vector T-periodic Holder continuous functions.

Remark 5. Let N > 2 and u(t) be a classical solution of (1). Since

fi=1 f Cue g = L( T 2 / 0T )
— — u e = — u e )
=T T \27ik ) Jo
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we have || fi|| = O(1/k?), and the Fourier series (7) converges absolutely, that is,
X
> A < oo (10)
k=—00

This fact yields an elementary proof of the uniform convergence of (7) in the case
N > 2. However, for N = 1 the Fourier series (7) may be only conditionally
convergent in contrast to the classical numerical case (cf. [12, Chapter V1.3,
Theorem 3.8]).

Example 6. Let E = cg and Ax = (ixy,2ix2,3ix3,...) with domain
D(A) = {(x1,x2,x3,...) € co : kxg —> 0 as k —> oo}. (11)

For the equation du/dt = Au(t) we consider the 2 -periodic classical solution

eZit e3it 0 it
=0, ——, — — , 12
u(®) ( 2log2’ 3log3 ) ];e fi (12)
where
1
={...0,——,0... ). 13
Jk ( Klogk ) (13)

The Fourier series converges in c¢p uniformly on R, but Y || fi || = > _(klog k)~!
= 00.

Theorems 1 and 3 point out the main property of classical periodic solutions
that their Fourier coefficients (3) satisfy the relations Afy = 2mik/T)N fx,
k € Z. We now define a weak solution of the periodic problem (1) as follows.

Definition 7. A function u : R — E is a weak solution of (1) if u € C(R, E),
u(t+7T) =u(t) for —oo < t < oo, and its Fourier coefficients (3) satisfy the
relations fi € D(A), Afi = Quik/T)" f; for all k € Z.

Clearly, if none of the numbers Ay = 2mik/T)N, k € Z, is an eigenvalue of
A then the periodic problem (1) has exactly one weak solution u(¢) = 0 (which
is the unique classical solution, too). In the general case, a weak solution of (1)
is a continuous T -periodic function # : R — E with the Fourier series

o]

M([)N Z eZT[ikl‘/Tfk (14)

k=—00

consisting of the elementary solutions (6). Note that this Fourier series may be
divergent in E for each ¢ € R.
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Example 8. Let E = BU(R) be the Banach space of bounded uniformly contin-
uous complex-valued functions on R with the supremum norm. Define Af = f’
on D(A) ={f € E: f exists and f’ € E}. It is well known that there exists
a scalar 2m-periodic function ¢(t) which is continuous on R but its Fourier
series diverges in some points T € R (see [12, Chapter VIII.1]). Choosing such
a function ¢(t) with the Fourier series Ziooo crekT we set U(x, 1) = o(x+1)
for —oo < x,t < o00. Then U(-,t) € E foreacht € R and u(t) = U(-,t) is a
vector function of R to E. Evidently, u € C(R, E) and u(t + T) = u(t) with
T =2n. Computing for T = 27 the vector Fourier coefficients of u(¢) we have

1 2 . 1 2 .
fi = —/ utye M dgr = —/ p(x+1)e kK gy
2 0 2 0

2w +x 2w +x (15)

. 1 . .
- gD(_L,)e—zk(r—x)d_l: — _ezkx / gD('L')e_lkrd'L'
2w J, 2w X

— Ckelkx ,

whence f; € D(A) and Afy = ikf. Accordingly, the function u(#) is a weak
solution of 2m-periodic problem for the equation du/dt = Au(t) in the space
E = BU(R). The Fourier series of u(¢) has the form

oo o] oo

u(t) ~ Z eiktfk= Z eikt(ckeikx)z Z Ckeik(x+t)_ (16)

k=—00 k=—00 k=—00

This series diverges in E = BU(R) for each ¢ = £ since Y% ce/* 1) is the
Fourier series of the function ¢(x +1p).

So, if u(¢) is a weak solution of (1) then the sequence of the partial sums

n . 1 rT .
sy =Y T fi fr=— /O u(@)e T de, (A7)

k=—n

may be divergent in E for each ¢ € R. But we can always approximate a weak
solution u(¢) by means of the Fejer sums

T
on(t) = %(SO(Z)+SI(I)+'"+Sn—l([)) = %/0 Ky (t —mu(r)dr, (18)
where

. 2
1 (sm(rrnt/T)) . (19)

K,(t) = -
n(®) n\ sin(zwe/T)
The positivity of the Fejer kernels K,(¢) allows to adapt for a vector case
the usual proof of the fact that o,(¢) — u(t) as n — oo uniformly on R
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(see [12, pages 84-92]). Thus for every ¢ > O there exists an integer n, > 0
such that ||u(t) — o0, ()| <& forn > n, and —oco0 <t < 0.

We now consider the question of the connection between weak and classical
solutions of the periodic problem (1). This verifies our definition of a weak
solution. Evidently, each classical solution of (1) is a weak solution, too. A
more general assertion is the following.

THEOREM 9. If u(t) is a classical solution of the periodic problem (1) then
the functions u(t), u'(t), ..., u™N)(t) are also weak solutions. Conversely, an
arbitrary weak solution of (1), say u(t), is represented in the form u(t) =
u™ (1) + fo where u(t) is a classical solution of (1) and fo is the zero Fourier
coefficient of u(t), that is, an element of D(A) such that Afo = 0. In other
words, each weak solution of (1) is the Nth derivative of a classical solution up
to an addition of an element from the kernel of A. The Fourier coefficients of
these solutions u(t) and u(t) are related as follows:

g 2mik \ N
fk=< T ) fi fork #0, (20)

and for k = 0 the connection between fo and fy is missing (so it can be defined
at will).

Proof. Letu(t) be a classical solution of (1). Givenm € {1, ..., N}, we consider
the function " (¢). Clearly, u™ e C(R, E) and u" (t +T) = u"™(r) for
—00 < t < 0o. Computing the Fourier coefficients of u™ (¢) we have

T
f(m) — f u(m)(t)efhrikt/T dt
0

1 2zik\™ (T i 2wik\™
— He™ wikt/T dt = )

The elements f; are the Fourier coefficients of the classical solution u(¢). Since
fi € D(A) and Afy = Qmik/T)V fi, the coefficients f; ) satisfy the same
relations. Thus u ™ (¢) is a weak solution of (1).

Let now u(t) be an arbitrary weak solution of (1), that is, a continuous 7'-
periodic function of R to E with the Fourier coefficients fk € D(A) such that
Afi = Quik/T)N fi. Setting

2D

vo(t) = i(t) — fo:
¢ 1 (T (22)
Uj(t)E/ vj_l(r)dr——/ (T—tvj_1(v)dr, j=1,...,N,
0 T Jo
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we obtain

T . ~
/O vj(dr =0,  v+T)=v;0). v ) =0 =)~ fo.
(23)
Put u(¢) = vy (t). Then u(t) is T-periodic on R, u € CN(R, E), and u™) () =
u(t) — fo. Consider the Fourier coefficients f; of u(¢). By construction, we have
fo =0 and for k # 0,

1 (T .
fom k[ e
0

1/ 17\ [T ,
=T<2 'k) f u ™ (1)e=27ikT 4
Tl 0
1 17\ [T, L
:T<2m‘k> / (30— fo)e= dr
0

T \V .
:<2m’k> Jie

whence Afy = fk This implies that Ao, () = 6,(t) — fo for the Fejer sums
o, (t), 6,(t) of the functions u(t), u(t), respectively. But o,(t) — u(t) and
0,(t) — u(t) inevery t € R as n — oo. Since A is closed, u(t) € D(A) and
Au(t) =u(t) —fo =u™ (t) for —0o < t < 0o. Thus u(¢) is a classical solution
of (1) and i () = u™ (1) + fb. The relations (20) were also shown. O

(24)

Remark 10. Theorem 9 shows that the space of all classical solutions of (1) is
isomorphic to the space of all weak solutions. For example, such isomorphism
may be defined in terms of the Fourier-series expansions

o0 o0

u(t): Z eznikl/Tkaﬁ(t)N Z eznikl/Tka (25)

k=—00 k=—00

by the relations fe = Qmik/T)N fi for k # 0 and fy = fo. Here u(z) is a
classical solution of (1) and #(#) is the corresponding weak solution.

We now examine the space of all weak solutions of the periodic problem (1).

THEOREM 11. The collection of all weak solutions of (1) is a Banach space
under the norm

lu@lg= max [um)]. (26)

—00<t<00

The set of all finite linear combinations of elementary solutions (6) is dense in
this space with respect to the norm (26).
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Proof. Ttis clear that the collection of all weak solutions of (1) is a linear normed
space under the norm (26). Let {u, (¢)} be a Cauchy sequence of weak solutions
relative to this norm. Since E is complete, there is a limit function u () such that
lletr (2) —u(2)llo — O as n — oo. Evidently, u(¢) is continuous and 7 -periodic
on R. For the Fourier coefficients we have

1 T . 1 T .
fk’"ET/ up (e 2TRIT qp 7/ u@®)e 2TRIT di= i asn —> o0,
0 0

(27)
and Afy, = Quik/T)N fi.n — Qmik/T)VN fi as n — o0o. Since A is closed,
fi € D(A) and Afy = 2mik/T)VN fi. This implies that the limit function u(z)
is a weak solution of (1) and the space of all weak solutions is complete with
respect to the norm (26).

Let now u(¢) be an arbitrary weak solution of (1). Each Fejer sum o, (¢) of
u(t) is a finite linear combinations of elementary solutions (6) and o, (¢) tends
to u(¢) in the norm (26) as n — oo. This completes the proof. O

It follows from Theorem 11 that the function u : R — FE is a weak solution of
(1) if and only if there is a sequence of classical solutions of (1) which converges
to u(¢) in the norm (26). A similar concept of weak solutions for the abstract
Cauchy problem may be found in [7].

We now give a self-contained description for the space of all classical solu-
tions of (1).

THEOREM 12. The collection of all classical solutions of (1) is a Banach space
under the norm

le@lly = _max_Ju®]pn=_max_(Jun)]+]4u®]). @8

—00<t <00 —00<t <00

The set of all finite linear combinations of elementary solutions (6) is dense in
this space with respect to the norm (28).

Proof. Let {u,(t)} be a sequence of classical solutions of (1) which is a Cauchy
sequence relative to the norm (28). Then there exist two continuous 7'-periodic
functions u(¢) and u(¢) such that ||u,, (#) —u(?)|| — 0 and || Au, (t) —u(t)|| — 0
uniformly on R as n — oo. Since A is closed, u(t) € D(A) and Au(t) = u(t)
for —oo <t < 00. So, [|Au, (t) — Au(t)|| = O uniformly on R and the Cauchy
sequence {u,(¢)} converges to u(¢) in the norm (28). We will show that u(¢) is
a classical solution of (1). Note at first that u(¢) is a weak solution, since this
function is a limit relative to the norm (26) of the sequence of classical solutions
u,(t). This implies Afy = 2wik/ TN fi for the Fourier coefficients of u(r).
Similarly, the function () = Au(t) is a limit with respect to the norm (26)

of the sequence of weak solutions u,gN) (t) = Au,(t), whence u(t) is a weak
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solution, too. Computing the Fourier coefficients of #(¢) we obtain

-1 /T . 1 (T .

fk = _/ L"[’(t)e—zﬂlkt/T dt — _/ Au(t)e—ZJlel/T dt
T Jo T Jo

ik (29)

Tl

T

N
=Afk=< ) fe, keZ.

It follows from (20) that the Fourier coefficients of u(¢) are the same as the
coefficients of the classical solution of (1) which was constructed in Theorem 9
for a weak solution #(¢). Thus u(¢) coincides with the classical solution and the
space of all classical solutions is complete with respect to the norm (28).

It remains to show that linear combinations of the elementary solutions (6) is
dense in this space with respect to (28). To this end suppose now u(¢) is an arbi-
trary classical solution of (1) with the Fourier series Y oo expmikt/T) fi.
The Fourier coefficients of Au(t) are equal to Af; and each Fejer sum for the
function Au(t) has the form Aoy, (t), where o, (¢) is the Fejer sum for the func-
tion u(t). Since o, (t) — u(t) and Ao, (t) — Au(t) as n — oo uniformly on R,
the sequence {0, ()} converges to u(¢) in the norm (28). Every function oy, (?) is
a linear combination of elementary solutions (6). This completes the proof. [

Theorems 11 and 12 may be treated as follows. In the space of all continuous
T -periodic functions u : R — E we select the linear subspace spanned by the
elementary solutions (6). Then the closure of this subspace with respect to the
norm (26) is the set of all weak solutions of (1), and the closure of this subspace
with respect to the norm (28) is the set of all classical solutions of (1).

We supplement the paper with a uniqueness theorem for the boundary value
problem on the finite interval [0, T']. Let p : ]0, T[— E be a continuous function
on the open interval ]0, T'[, and uo, ..., uny—1 any elements of E. Consider the
problem (cf. (2))

dN
dt—Nu(t) =Au(t)+p@), O0<t<T, 30)

u(])(o)—u(j)(T)zl'{jv jZO,...,N_1~

A function u : [0, T] — E is a strong solution of (30) if u € CN(]O, T[,E)N
CVN=1(0,T1,E), u(t) € D(A) for 0 <t < T, and (30) is satisfied. We stress
that the differential equation of (30) holds in the open interval 10, T[.

THEOREM 13. Let A be a closed linear operator on a Banach space E. Given
p(t) and ug,...,un—1 € E, suppose that problem (30) has a strong solution
u(t). This solution is unique if and only if none of the numbers Ay = 2wik/T)V,
k € Z, is an eigenvalue of A.
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Proof. The necessary part can be shown as in Theorem 1 by means of the ele-
mentary solutions (6). For the proof of sufficiency, the immediate application of
Theorem 1 is impossible because of the distinction between strong and classical
solutions. The reasoning of Theorem 1 requires a small modification. Assume
that none of the Ay = (27tik/T)N, k € Z is an eigenvalue of A. Let u(t) be
another strong solution of (30) with the same p(¢), uo, ..., un—1. The function
v(t) = u(t) —ii(¢) satisfies the equation d¥v/dt" = Av(t) for 0 <t < T, and
v(0) = v(T),..., vV =D ) = vWN=D(T). Choosing ¢ > 0 and letting ¢ — 0+
we obtain the relations

T—¢ T
gk(s)E/ v(t)e_Z”’kt/Tdt—>/ v(t)e TRIT g = g, (31)
& 0
T—¢ .
Agi(e) = / Av(t)e kT gy
&

T—e¢ .
— / U(N) (t)e—kat/T dt
&

2rik\ V! :
— <UN_1(t)++< T;_'l ) v(t)>e—2ﬂlkl/T
N 2mik\ N © 2mik\ N
E) —> .
T 8k T 8k

Since A is closed, gx € D(A) and Agy = (271ik/T)Ngk. By assumption, gy =0
for all k € Z and hence v(¢) =0 on [0, T']. Hence u(¢) = u(z). O

T—¢ (32)

&
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