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Abstract— We study w-periodic solutions of a functional-differential equation of point type
that is w-periodic in the independent variable. In terms of the right-hand side of the equation,
we state easy-to-verify sufficient conditions for the existence and uniqueness of an w-periodic
solution and describe an iteration process for constructing the solution. In contrast to the
previously considered scalar linearization, we use a more complicated matrix linearization, which
permits extending the class of equations for which one can establish the existence and uniqueness
of an w-periodic solution.
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1. INTRODUCTION. STATEMENT OF THE PROBLEM

The problem on the existence of w-periodic solutions of differential equations w-periodic in the
independent variable is one of the classical problems of the theory of ordinary differential equations.
This problem has been studied by various methods such as the Poincaré—Andronov method of point
mappings [2, p. 328; 3, p. 66], the topological method, the method of directing functions [4, p. 72;
5, p. 172], variational methods, and so on.

The approach proposed in the present paper is in fact most close to the method of integral equa-
tions presented in detail in the monographs [6, p. 146] and [7, p. 26] and several related papers, where
periodic and bounded solutions of differential equations were studied. In these papers, the study
of the problem on periodic solutions was based on the construction of the operator Green function
used then to construct such solutions themselves. The construction of the operator Green func-
tion and the verification of the conditions that must be satisfied by this function are rather labo-
rious. To solve any specific problem, a large amount of nontrivial preliminary work is required.
The question as to whether the constructed solution is classical should be studied separately.

The approach developed in this paper, which was considered under more restricting assumptions
in [1], permits avoiding these difficulties. The conditions ensuring the existence and uniqueness
of a classical w-periodic solution are easily verifiable and can be stated in terms of numerical
characteristics of the right-hand side of the differential equation (such as the Lipschitz constant
for the residual nonlinear perturbation, the value of deviations in the case of functional-differential
equation of point type, and the coefficients of the linearized equation).

One specific characteristic of the approach considered here is the choice of an appropriate lin-
earization of the right-hand side of the equation. As a rule, the most widely used method for
isolating the linear part is the Taylor linearization. But there exist examples showing that the
Taylor linearization does not always permit establishing the existence of a periodic solution, even
though this can be done by other linearization methods. Varying the linear part, one can choose
a linearization for which the nonresonance conditions are satisfied, and this permits correctly deter-
mining the periodic solution operator and solving the problem of minimizing the Lipschitz constant
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1272 BEKLARYAN, BELOUSOV

for the residual nonlinear perturbation if the nonresonance condition is satisfied. The nonresonance
condition is “typical” and can be attained by using only the scalar linearization under which the
linearized equation has the simplest form, but when the problem of the Lipschitz constant mini-
mization for the residual nonlinear perturbation is further solved in the class of scalar linearizations,
to obtain the desired value of this constant, it is necessary to impose rather rigid restrictions on
the right-hand side of the equation, because this class of linearizations is narrower. That is why
one needs to use the matrix linearization, studied in the present paper, of the original functional-
differential equation.

Consider the functional-differential equation of point type
z(t) =g(t,x(t +71),...,2(t+75)), teR, (1)

where the function g(-) belongs to the space C((R x R"™*;R"), r € Ny = NU {0}. A solution of
Eq. (1) is an absolutely continuous function xz(-) satisfying this equation. Since the right-hand side
g(+) of Eq. (1) belongs to the space C™ (R x R™**;R"), r € Ny, it follows that each of its solutions
z(-) belongs to the space C"+Y(R;R™). In the paper, for Eq. (1) with right-hand side 27-periodic in
time ¢, sufficient conditions for the existence and uniqueness of a 27-periodic solution are obtained,
the iteration process of construction of such a solution is described, and the rate of convergence
of the process is given. Obviously, the equation of any other period w > 0 can be reduced by the
change ¢t = (2m) 'wr of the independent variable to an equation of period 27.

Since the goal of this study is to investigate 2m-periodic solutions, we can assume without
loss of generality that all deviations 7i,...,7, belong to the half-interval [0,27). Indeed, if the
deviations are such that 7; € [2mp;,2m(p; + 1)), j € {1,...,s}, p; € Z, then, replacing them
with the corresponding deviations 7; = 7; — 27p; belonging to the half-interval [0,27), we obtain
an equation that obviously has the same 27-periodic solutions as the original one.

Moreover, in what follows we assume that the numbers 7, ..., 7, are pairwise commensurable;
ie., for any 7, and 75, 4,57 € {1,...,s}, there exist nj,n;; € Ny such that n;; + n;; # 0 and
njiTi = nijTj.

We write Eq. (1) in the form

x(t):ZAJ':E(t—i_TJ)—I_f(t’x(t—i_Tl))733(1:_‘_7—5))7 tERv (2)
j=1
where A; is the real n x n matrix, 7; € [0,27), j € {1,...,s}, and
ft,x(t+m7),...,z2(t+715) =gt,x(t+71),...,2(t+ 7)) — ZAja:(t +7;). (3)
j=1

In this paper, which continues and develops the study in [1], we obtain sufficient conditions
on the matrices A;, the deviations 7;, j € {1,...,s}, and the vector function f(-), for Eq. (1) to
have a unique 27-periodic solution. The main distinction from [1] is that here we consider a more
general case of separation of the linearized part; namely, the role of coefficients of the linearized
part in Eq. (2) is played by the matrices A;, while the case of separation of a scalar linear part was
considered in [1], where Eq. (2) has the form

&(t) = iajx(t + 1)+ ftx(t+ 1), .. x(t +74)), teR,

j=1

with a; € R. Thus, the results obtained in this paper extend the scope of possible applications of
the proposed method.

Functional-differential equations of the form (1) were studied in the monograph [8], where,
in particular, conditions [8, p. 45] on Eq. (1) were obtained ensuring the existence and uniqueness
of a solution of the Cauchy problem

z(t) =z, t eR, x € R", (4)
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MATRIX LINEARIZATION OF FUNCTIONAL-DIFFERENTIAL EQUATIONS 1273
in a special class of functions. The conditions that must be satisfied by the function g(-) are the
following :

I. The inclusion g(-) € C(R x R™**;R") holds for some 7 € Nj.

IL. For all ¢, x;, and x;, j = 1,..., s, the inequalities
lg(ts 21,y x)[lmn < Mo(t) + My Y |lzsllme,  Mo(-) € CO(R;R),
j=1

lg(t, 21, ) = gt w, o w)llae < Ly Y M2y — 25]ee (5)
j=1

are satisfied. Note that the second inequality is the Lipschitz condition.
III. There exists a p* € R, such that the expression
sup My (¢ + 1) ()"
i€z
is finite for each ¢ € R and is a continuous function of the argument ¢.

IV. For the number p* in condition III, the family of functions
§i7z1 ..... Zs(t):g(t+iazl7”’728)(N*)‘i|7 ZEZ, (Z17”’7zs) ERnxsa

is equicontinuous on any finite interval.

In the above conditions I-IV and everywhere below, by || - ||g» we denote the Euclidean norm
on the space R™.

Obviously, if the function g(-) is periodic, then condition III is automatically satisfied for
all p* € (0,1].

We define the space

EZC(T)(R) = {:r() cz(-) € COR;R™), max sup ||z ()e ||z < +oo},

0<I<r 4eR

where r € Ny and p = e™°.

Theorem 1 [8, p. 45]. If a function g(-) satisfies conditions I-1V and the inequality

S

LyY p <y (6)

Jj=1

holds for some p € (0,1%) N (0,1), then for any x € R™ there exits a solution x(-) € LLC™(R) of
the Cauchy problem (1), (4). This solution is unique and belongs to the class EZC’(T“)(R).

If the function g(-) € C(R x R™**;R"), r € Ny, on the right-hand side in Eq. (1) is w-periodic,
then Theorem 1 can be restated as follows with regard to the fact that condition III is satisfied in
this case.

Corollary 1. Assume that the function g(-) € CT(R x R*™*;R"), r € Ny, in Eq. (1) is
w-periodic in time. If the function g(-) satisfies conditions 11 and IV and inequality (6) holds for
some p € (0, %)M (0,1), then for any x € R™ there exists a solution x(-) € LICT(R) of the Cauchy
problem (1), (4). This solution is unique and belongs to the class LCTT(R).
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1274 BEKLARYAN, BELOUSOV
We define the function space
Ve R x R™*;R™) = {f(-) : the function f(-) satisfies conditions I-IIT}.

For all functions in V(R x R"**;R"™), the parameter p* € R, coincides with the corresponding
constant in condition III. In the space V- (R x R"**;R™), one can introduce the Lipschitz norm

lg(C)llip = sup [ £(£,0,...,0)e™" g
teR

to2rnen ) — gt 21, 2
+ sup ”g(7zla 7Z) g( 21 Z)

(8,211 25,21 500,25 ) ERXR XS X RN X S E;:l ||Zj - ZjHR" ’

Rn

where p* = ¢7%". Obviously, the least value of the constant L, in the Lipschitz condition (condi-
tion II) for the function g(-) € V,-(R x R"**;R") coincides with the value of the second term in
the definition of the norm ||g(-)||Lip. In what follows, when speaking about the Lipschitz condition,
we understand the constant L, as this least value. The right-hand side of the functional-differential
equation of point type will be viewed as an element of the Banach space V- (R x R"**;R").

To indicate that the solution of the Cauchy problem (1), (4) depends on the initial value x and on
the right-hand side g(+) itself, we denote this solution by z(¢;t,x,g). The continuous dependence of
the solution z(-) on the variables ¢, x, g is understood as its continuous dependence on the variable
(t,z,9) € R' X R" x V(R x R™**; R™).

Theorem 2 (“coarseness” theorem) [8, p. 47]. In Theorem 1 and Corollary 1, the solution of
the main Cauchy problem (1), (4) continuously depends on the variables t, x, and g.

In Theorem 2, if the continuous dependence on the initial condition x and the right-hand side
g(-) of the differential equation is considered, then one can state somewhat more.

Remark 1 [8, p. 47]. In Theorem 2, the solution of the Cauchy problem (1), (4) as an element
of the space L1C”(R) continuously depends on & and g(-).

Since we only consider periodic functions in what follows, we use the ordinary spaces C™(R; R"),
r € Ny, of continuous functions rather than the spaces EZC’(T)(]R).

2. PROPERTIES OF PERIODIC SOLUTIONS
OF THE LINEAR HOMOGENEOUS EQUATION

Let us establish several properties of linear functional-differential equations of point type.
Consider the homogeneous functional-differential equation of point type

B(t) =Y Ajat+7), teR, (7)
j=1
where A; is a real n x n matrix and 7; € [0,27), j € {1,...,s}.
Let us describe the set (A, ..., A,) of matrices and deviations (7,...,7,) € [0,27) X ... x [0, 27)

for which Eq. (7) has only the zero 27-periodic solution (the nonresonance condition). To this end,
consider the following 2n x 2n matrix consisting of four n x n blocks:

—>2%_ Ajcos(kT)) kI —>°_, A;sin(kT;)
A = ( j=14%j J j=144j J ’ keN,
—kI+37_ Ajsin(kr;) =370 Ajcos(kTy)

(8)
where [ is the n x n identity matrix. We introduce the notation

A =— ZAj cos(kT;), A, =kl — ZAJ sin(kT;).
j=1

j=1
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MATRIX LINEARIZATION OF FUNCTIONAL-DIFFERENTIAL EQUATIONS 1275

In this notation, the matrix A, becomes

—A, A
We assume that the matrix A, is invertible for all k¥ € N.
In what follows, by || - |[g» we also denote the matrix spectral norm, i.e, the operator matrix
norm induced by the Euclidean vector norm. Obviously, there exist constants 5’1 > 0 and 52 >0
such that the estimates ||A;|g» < C; and || > iy Aysin(kTy)|[pe < Cs are satisfied for all k € N.

It is also obvious that the norm [|A, ||z~ tends to infinity at the rate O(k) as k — co.
Let us estimate the behavior of the norm [|A; " ||gz as k — co. Since, as is easily seen,

e€R?", lellgzn =1

-1
A |gen = < min ||Ake||R2n> ,
we see that it is then necessary to estimate the minimum

min |Arel|ren. 9)

e€R2™, le|lpzn=1

Assume that e;,e; € R". We form a vector e = (e}, e}) of the space R*". (The prime stands for

transposition.) Then
Ake: < Ak Ak><€1> :< Akel+Ak62>
_Ak Ak €9 —Akel + Akez

[Akelffon = | Aver + Agesllin + | — Ager + Axealin,  llelffon = llealin + lleallzn- (10)

and

By the representations (10), under the assumption that ||e||gz» = 1, we have the lower bound

[Agellren > 27 (| Aver + Ageallrn + || — Ayer + Ages||rn)
> 27 (| Arezllrr — A gerllrr + [ A gerllre — [ Arez]lrn)
Z 271(]6'(“61”]1{71 + ||62||Rn) — 4maX{Cl, 02}) Z 271]{: — QmaX{Cl, 02}

On the other hand, the representations (10) obviously imply the upper bound
| Agellren < 2k + 4max{C}, Cs}.

Therefore, the minimum (9) tends to infinity at the rate O(k) as K — oo, and hence the norm
A, |gzn tends to zero at the rate O(1/k) as k — oo. This assertion will be important for us
below.

Lemma 1. The homogeneous equation (7) has a unique 2m-periodic solution if and only if the
conditions

det > A; #0, detAy #0 forall k€N (11)
j=1

are satisfied. This 2m-periodic solution is trivial. Otherwise, the homogeneous equation (7) has
infinitely many 2m-periodic solutions.
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1276 BEKLARYAN, BELOUSOV

Proof. Since the solutions of the homogeneous equation (7) belong to the space CM(R;R"),
it follows that an arbitrary 2m-periodic solution x(t), ¢t € R, can be represented on the interval [0, 27]
by a convergent Fourier series

z(t) = ao + Z o1 cos(kt) 4 ay sin(kt).
k=1

We substitute this representation into Eq. (7), match the coefficients of each of the basis functions 1,
cos(kt), and sin(kt), and obtain the relations

- < Z A]) Qp = O, — < Z A] COS(ij)) Qo1 + (k.[ - Z A] sin(ij)> Qgp, — 0,
j=1 j=1 j=1
< — kI + Z A, Sin(k‘Tj)> Qop—1 — <Z A, cos(kn'j)> oo = 0.

Jj=1 Jj=1

Therefore, for the existence of a nonzero 27-periodic solution of Eq. (7), it is necessary and sufficient
to have the following nonstrict alternative: either det Z;Zl A; =0 or det Ay = 0 for some k € N.
The proof of the lemma is compete.

3. PROPERTIES OF PERIODIC SOLUTIONS
OF THE LINEAR INHOMOGENEOUS EQUATION

Consider a well-known property of periodic solutions which we need below.

Proposition 1. Let the assumptions of Corollary 1 be satisfied for w = 2w. Then the solution
x(+) of Eq. (1) is 2mw-periodic if and only if x(0) = z(2x) for it.

Proof. The proof of this assertion readily follows from the 27-periodicity of the functions g(-)
in the variable ¢t and the fact that the existence and uniqueness conditions are satisfied for the
solution of the Cauchy problem (1), (4) (Corollary 1). The proof of the proposition is complete.

Consider the linear inhomogeneous equation
B(t) =Y Ajp(t+7)+E(t), teR, (12)
j=1

where A; is a real n x n matrix, 7; € [0,27), j € {1,...,s}, and £(-) € CW(R;R") is a 2r-periodic
function. Along with Eq. (12), we consider the corresponding linear homogeneous equation (7).

Conditions I-1V for the right-hand sides of Eqs. (7) and (12) are obviously satisfied for p* = 1.
We define the constant

M = lIéljaSXSHAj R - (13)
Then inequality (6) becomes
MY pm < p (14)
j=1

Theorem 3. Assume that inequality (14) holds for some p € (0,1). Then a necessary and
sufficient condition for the existence of a unique 2mw-periodic solution of the inhomogeneous equa-
tion (12) is that the unique 2m-periodic solution of the corresponding homogeneous equation (7) is
identically zero.

Proof. Consider the fundamental matrix ¢(t) of Eq. (7) normalized at zero. It is a solution of
the matrix equation

pt) = Ajp(t+7), teR,

j=1
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with the initial condition ¢(0) = I. The existence of such a matrix follows from Corollary 1,
which implies that any solution of the homogeneous equation (7) can be represented as x(t) =
©(t)x(0) and an arbitrary solution of the inhomogeneous equation (12) can be represented as
z(t) = (t)z(0) + 1(t), where () is a particular solution of Eq. (12). We use this fact to proceed
directly to the proof of the theorem.

Sufficiency. Assume that the trivial solution is the unique 27-periodic solution of the homoge-
neous equation (7). Then it follows from Proposition 1 and the fact that the solutions of the homo-
geneous equation (7) can be represented as x(27) = ¢(27)x(0) that the equation z = p(27)x must
have only one solution x = 0. Therefore, we have det(I — p(27)) # 0. On the other hand, for an ar-
bitrary solution z(-) of the inhomogeneous equation (12) we have xz(27) = ¢(27)x(0) 4+ (27). Since
the periodic solution satisfies the condition x(0) = x(27), the problem of determining the periodic
solution of the inhomogeneous equation is reduced to solving the equation (I — ¢(27))z = ¥(27).
Since det(I — ¢(2m)) # 0, this implies the uniqueness of the 2w-periodic solution of the inhomoge-
neous equation (12).

Necessity. Assume that the inhomogeneous equation (12) has a unique 27-periodic solution.
We argue by contradiction. Assume that the homogeneous equation (7) has at least one 27-periodic
solution in addition to the zero solution. It follows that det(I—¢(27)) = 0. In this case, the equation
(I —p(2m))x = ¥ (27) has either no or infinitely many solutions, which contradicts the uniqueness of
the 2m-periodic solution of the inhomogeneous equation (12). The proof of the theorem is complete.

When proving the necessity of the conditions of the theorem, we have made the conclusion
that if the homogeneous equation (7) has a nonzero periodic solution, then the corresponding
inhomogeneous equation (12) can have either infinitely many periodic solutions or none of them.
Let us illustrate both of these possible cases by examples.

Consider the simplest one-dimensional ordinary differential equation #(t) = £(¢), for which
A;=0,j5=1,...,s, and the corresponding linear homogeneous equation # = 0 has infinitely many
periodic solutions z(t) = C, C' € R. If we take the function £(¢) = 1, then the family of solutions of
the inhomogeneous equation has the form z(t) = t+C, C € R; i.e., there exist no periodic solutions.
On the other hand, if we set £(t) = cost, then the solutions of the inhomogeneous equation become
z(t) =sint + C, C € R; i.e., all the solutions are periodic.

Now, we use Theorem 3 and Lemma 1 to state a corollary refining Theorem 3.

Corollary 2. Assume that inequality (14) holds for some p € (0,1). The inhomogeneous
equation (12) has a unique 27-periodic solution if and only if conditions (11) are satisfied for the
n x n matrices A;, j =1,...,s, and the deviations (11,...,75) € [0,27) x --- x [0, 27).

4. PERIODIC SOLUTION OPERATOR

Consider the linear homogeneous equation (7) in which the deviations 7; € [0,27), j € {1,..., s},
are commensurable and for which conditions (11) are satisfied (and hence, by Corollary 2, the in-
homogeneous equation (12) has a unique 2m-periodic solution). Every homogeneous equation (7)
of this kind determines the operator P that takes each 2m-periodic function £(+) € C(R;R"™) to
the 27-periodic solution x(-) of the inhomogeneous equation (12). The operator P thus defined is
called the periodic solution operator. Obviously, if £(-) € C(R;R"), then P¢(1) € CU+D(R; R™).

For each r € Ny, we define the spaces

CSR;R™) = {z() € COR;RY) : 2D (t) =2V (t +27), j=0,...,r, t €R}.
Therefore, the operator

P: 3 (R;R") = O (RsR™),  PE() = ()
is defined for each r € Ny. Obviously, the operator P is linear and injective. We neither write the
index r on the operator P nor indicate its dependence on Eq. (7); this will not lead to a misun-
derstanding. Moreover, the operator P for r € N is the restriction of the similar operator with
index (r —1).
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For each r € Ny, we introduce the spaces
Cim = {z() e C([0,27); R™) : 29(0) = 29 (2), 5 =0,...,7}.

In other words, the space Cz(:r ™ consists of restrictions of the functions in the space CZ(;)(R; R™)
to the interval [0, 27]. The norm in this space is the same as in the space C'" ([0, 27]; R™).

Since the mapping ¢ : C{7(R;R") — C{" that takes each function y(-) € C{7(R;R") to its
restriction (- ) to the interval [0, 27] is obviously a bijection we see that the operator P generates

the operator P : C{"" — C{7"D"™ defined by the relation P = (P.~!. Obviously, the operator P is
injective, and the mapping ¢ and its inverse are continuous.

Let J : ¢ — {0 € Ny, be the operator of natural embedding. In what follows,
the operator of periodic solutions is understood as a linear operator JP : 02(2)7 — CZT)’ , 7 € Np.
Obviously, the operator JPP is injective as well.

Proposition 2. Assume that inequality (14) holds and conditions (11) are satisfied for some
€ (0,1). Then the operator

JP:C)" — o
15 continuous.

Proof. The proof readily follows from Theorem 2 and Remark 1.

In what follows, in addition to the continuity of the operator JP, we also need an exact estimate
of its norm. But it is a rather difficult problem to obtain such an estimate. In fact, it suffices to

have estimates for the restriction of the operator in question to the subspace Czl)’" To this end,
1/2

we set
:H<ZA) , D%éﬂ&;lnﬂéﬁ)- (15)

Proposition 3. Let the assumptions of Proposition 2 be satisfied. Then the following estimate
holds :

RTL

sup [ JPEC)| g < VA2 4 2D2. (16)
£(yecsm "
IIé(»)Hcgo),nzl

Proof. 1. Construction of the action of the operator IP on the functions f() of class C’(l) "

in explicit form. We use Fourier series to construct the operator (JI@’)*l. We expand the periodic
solution z(-) of Eq. (12) and the function £(-) on the right-hand side in this equation in Fourier
series,

z(t) = ap + Z(agk,l cos(kt) + gy sin(kt)), E(t) = Po+ 2(521@71 cos(kt) + B, sin(kt)).

k=1 k=1

Since

||
H>

Z z(t + 75),

where the hat over a function means its restriction to the interval [0, 27|, we replace the functions
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with their Fourier expansions and match the coefficients of like basis functions to obtain

Bo = —<ZAJ‘>040,
Bop—1 = — < ZS: A; cos(lmy)) Qop—1 + (k‘[ — i A, sin(k‘Tj)) Qo

Jj=1 Jj=1

Bar = ( — kI + ZAJ sin(ij)> Qop_1 — (ZAJ' cos(szj)) o, k e N.

Jj=1 J=1

For each k € N, the coefficients £, and (B, satisfy the matrix equation

(5%-1) — A, (azk—1>
Bk Qg

where the 2n x 2n matrix A, is defined by formula (8).
It follows from the assumption of Proposition 2 that such matrices are nonsingular, and hence

we have X
Qo = —<2A]> 50 and (aZk_1> = Alzl (ﬁQk_l>, k S N
j=1 Qo Bk

Thus, the operator JP has the following explicit form:

(JPEC))(t) = ap + Z(agk_l cos(kt) + agy sin(kt))

k=1

= _<ZAJ>_ Bo + Z{((Alf + A5) A B — (A;j + A%) YA, Bar) cos(kt)
Jj=1 k=1

(A 4+ A2) YA Bt + (AL + A2) T A Boy ) sin(kt)},  t € [0,2n).

2. Magjorant for the nmorm ||JI@’£(-)||C<0>,n; £() e o, ||é(-)||c(o),n < 1. To prove the esti-
mate (16), we need to solve the following extremal problem:

JTBEC) | — sup (a7)
§()
under the condition . W N
e, EQlgon < 1. (18)
By the obvious inequality o o1 cos(kt)+a; o5 sin(kt) < \/af)%_l + a7y, (here the o ,,, and f; ,,,
are the ith coordinates of the vectors v, and f3,,, respectively, i = 1,...,n, m € Ny), we have the
estimate

lloar—1 cos(kt) + auap sin(kt)[|gn < \/||042k—1||1§n + [z [[Fn -
Further, it is easily seen that
(675}
ol + sl = | ( 2 )

2
_ HA (ﬁ)
Qo R2n Bk
= 1A% IRen (1 Bar—1 e =+ [1Bakllzn)-
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With regard to the above-derived inequalities, we obtain the estimate

[lovzr—1 cos(kt) + agy sin(kt)|[pn < \/HA;lH%&%(Hﬁ%—IHﬁH + 1182 ) -

1),n
™

Thus, for each function £(-) € Cs
as follows:

|mewsMZ&>m +ZOW%wﬂmw@Wm%>
j=1 k=1

Below, we show that the series on the right-hand side of this inequality converges.

) Hf(-)HC(o),n = 1, the norm \\J]f”é(-)\\c<o),n can be majorized

RTL

3. Auziliary extremal problem required to complete the estimation of the norm |]J]13’f(')|lc<o>,n.
27

It is rather difficult to estimate the right-hand side of the last inequality. Thus, we replace such
a problem by a simpler one. To this end, we maximize the value of the right-hand side of this
inequality on the wider set of functions, ||€(*)||z,(j0.2x:2") < V27. Then the extremal problem is
stated as follows:

s —1 oo
() e 3 (1 e DBl + D3l ) = s (19)
j=1 R™ k=1 Bk, k€Ng
under the constraint .
NEC) 22 (j0,27)mm) < V2. (20)

Obviously, the supremum of the functional in problem (19), (20) is in this case not less than
the supremum of the functional in problem (17), (18). By the Parseval identity with respect to the
orthogonal basis {1, cos(kt), sin(kt) }ren of the space Ly([0, 27]; R™), we have

27
€O a0, 2mim) = / IE(E) IR dt = 27| Bol[Zn + 7> 1IBs3n-
0 k=1

Therefore, the extremal problem (19), (20) can be rewritten in equivalent form as follows: Find
the supremum (19) under the constraint

1 o0
IBoll2. + 5 > 18 < 1. (21)
k=1

4. Completion of the proof of the proposition. Consider the Hilbert space [, of numerical
sequences and its elements r; and r, that we define as

1 5 -1
Tl:{mH(;Aj) .
Ty = {\/2||50||Rm \/llﬁlllﬁn + (| B2 \/||53||§@ + 1842 , - - }

J&M%MNWW}
)

One can readily see that the sequence r; belongs to the space ly, because, as was proved in 2,
|A |22, = O(1/k?) as k — oo, and this just implies the inequality ||r;];, < +00. The optimization
problem (19), (21) has the following form in the new terminology: (ry,r3),, — sup,,;, under the
condition [|r5||7 < 2. Applying the Cauchy-Schwarz inequality, we obtain the estimate

(ri,m2)i, < Irillisllrell, < V2117,
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The norm of the element r; has the form
2 e}

1 s —1 -
Iz, = 4; + AL [
2
j=1 " k=1

It is well known that the equality in the Cauchy—Schwarz inequality is attained only in the case of
collinear vectors. Therefore, if we take 3,, k € Ny, such that the vector r, becomes collinear to the
vector r; and the relation ||r;]/;, = v/2 holds, then the original maximization problems is solved.

Obviously, there exist 3, k € Ny, with this property. In this case, the objective functional (19) at
the point of maximum takes the value

|(£4) =

-(I(54)

which implies the estimate (16). The proof of the proposition is complete.

R

+ Z(IIA?IIR%\/IIB%_lllﬁn + |Bar I
R™  g=1

2

00 1/2
£23 AL ) = VAt 2D
k=1

Rn

Remark 2. Similar estimates for the norm of the periodic solution operator JP were obtained for
the case of scalar linearization in [1]. But in our case, the value of D in formula (15) is calculated in
terms of the norms of the matrices A; ', k € N, while in [1], a similar quantity was calculated in terms
of 1/det Ay (see formula (16) in [1]). This can be explained by the fact that, for the scalar case,
we have the relation || A, !||g= = 1/v/det A;. (The matrix A in [1] is an analog of the matrix Ay.)
Therefore, the result stated in this paper is a generalization of the result obtained in [1] for the scalar
linearization. Note that there is no relationship between the values of the determinant det A, and
the norm ||Ay||gz» except for the well-known inequality (det A;)Y 3™ < ||A;||gz» in the nonscalar
case.

5. EXISTENCE AND UNIQUENESS OF A 27-PERIODIC SOLUTION
OF THE NONLINEAR EQUATION

In this concluding section, we obtain conditions that ensure the existence and uniqueness of
periodic solutions of the nonlinear functional-differential equation of point type (1), where g(-) €
CO(R x R™**;R") is a 2m-periodic function in the variable ¢. Along with Eq. (1), we also consider
Eq. (2) obtained by linearizing Eq. (1). If the function g(-) in Eq. (1) satisfies the Lipschitz
condition with a constant L, then the function f (defined by formula (3)) in Eq. (2) satisfies the
Lipschitz condition with some constant L as well. Associated with each linearization (2) of Eq. (1)
is a linear inhomogeneous system (7). In turn, if the assumptions of Corollary 2 are satisfied for
the matrices A;, j € {1,...,s}, and the deviations (7y,...,7s) € [0,2m) X --- x [0,27), then the

operator JP is well defined.
We define an operator

F:C5) (R;R") — CL)(R;R™), 7 =0,1,

by the rule
Flz()](t) = ft,z(t +11),...,x(t + 75)), teR.

The operator F generates the operator
F:op)" w0, r=01,
FlE()(1) = f(t2(E+7), .., 8(t+7),  te(0,27],

where, just as above, the hat over a function means its restriction to the interval [0, 27]. In other
words, F = (F.™!, and in particular, the correspondence F — I is bijective, because F = (= 'F.
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Theorem 4. Let the following conditions be satisfied:

(a) The function g(-) € CHW(R x R™*;R") in the nonlinear equation (1) is 2r-periodic in the
variable t and satisfies the Lipschitz condition (5), and the Lipschitz constant of the function f(-)
is equal to Ly.

(b) Inequality (14) holds for some u € (0,1) with the constant M given by relation (13).

(¢) Conditions (11) are satisfied.

If the inequality

sLpVA2 +2D2 < 1, (22)
holds, where the numbers A and D are defined by relations (15), then Eq. (1) has a 2m-periodic
solution. Such a solution is unique and belongs to the space CZ(,QT) (R; R™).

Moreover, for any initial function #°(-) € C{)" the sequence 2™ (-) = (JPF)™[2°(-)], m € N,
converges in the norm of the space 02(2)’" to the same function &(-) € C’Q(i)’”, and the following
estimate of the convergence rate takes place:

|IBE)™ (@) — 2() o < (sLyvVA2 +2D2)"[2°0) = () o (23)

The periodic solution z(-) € C{(R;R") of Eq. (1) is obtamed by the 2m-periodic continuation of
the function &(-) to the entire real line R; i.e., z(-) = t712(-).

Proof. In the space C’Q(?T)’”, we define the operator equation

(JPF[2()])(t) = &(¢), t € [0, 27]. (24)

By Corollary 2, the 2m-periodic continuation of any solution of Eq. (24) to the entire real line
determines a periodic solution of Eq. (2) (of Eq. (1), respectively), and vice versa. Since the
function g(-) € CM (R x R™*;R") is 2r-periodic, it follows that each solution of Eq. (24) belongs
to the space C32™".

It follows from the Lipschitz conditions for the function f(-) that the inequality
IFGO)] ~ FEO o < sLellal) = 20l

holds for any §(-), #(-) € CS2". By Proposition 3, for any §(-), 2(-) € C5¥" we have the chain of
inequalities

A

IIBE()) - Rl = W) g [0 o 7] I;[F([;(H”@ ).
< VA2 + 2D2F(G()] - FEO] o
< SLV/AR + D) — 0l ggon (25)

By inequality (22), the estimate (25) means that the operator JPF is contracting in the subspace
CZ(,T of the metric space 02 ™. Since the subspace C’Q(},)’” is invariant under the action of the
operator JPF (because, by assumption, g € CM (R x R"**; R")) and is complete, it follows that this
operator has a unique fixed point #(-) in this subspace, and the sequence (JPF)™[20(-)](¢), m € Ny,

converges to this point at the rate (23) for any initial function 2°(-) € CSY". The proof of the
theorem is complete.

We point out that when a linearization is chosen in Theorem 4, the linear part contains only
the deviations which are present in the right-hand side of the original functional-differential equa-
tion (1). This is essential, because if it turns out that the linearization is chosen so that the function
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f(-) has at least one deviation 7 that does not coincide with any of the deviations 7, ..., 7, then
one can readily verify that the inequality sL f\/ A? +2D? < 1 is, as a rule, violated.

Example. Consider an example in which the scalar linearization considered in [1] does not
permit proving the existence of a unique periodic solution, while the matrix linearization allows
one to prove the existence of such a solution.

Consider the problem

d [z(t)\ _ (-1 0\[x:(t) i o )
dt (;Uz(t)> _< 0 1><$2(t)>+€f(t, (4T, 2ot + 7).

The function f(-) is 2m-periodic in the time variable with Lipschitz constant L, and the deviation 7
is chosen to be such that the nonresonance conditions (11) are satisfied. The quantity € > 0 is
a sufficiently small parameter. In this problem, for the matrix linearization it is most natural to

take the matrix
a= ("1 0
01

One can readily see that if we take a sufficiently small value of the parameter € > 0, then the

inequality 2¢L f\/ A2+ 2D? < 1 is satisfied, which, in turn, guarantees the existence of a unique
2m-periodic solution of such an equation.

Now let us verify whether it is possible to determine the existence of a unique 2m-periodic
solution for a given equation by isolating the scalar linear part. In this case, the equation must be
written in the form

d _
n®) _ g (B ) (L OV @ O) (B O L p (¢4 )t + 1)),
dt \ z,(t) Zo(t) 0 1)\ as(t) o (1)
and it is necessary to verify whether there exists a value of the parameter a € R for which the

inequality 2Lf\/A2 +2D? < 1 holds, where A = 1/[a|, D = Y7 1/ det A;, (see formula (16) and
Theorem 4 in [1]), and Ly is the Lipschitz constant of the function

ft,z@t),z(t+71)) = <_1 —a 0 )(ml(t)> +ef(t,z(t+7),22(t +7)).
0 1—a/ \ z(t)
=1+ |al

[l

and the inequalities L; > 1 + |a| and VA2 +2D2? > A = 1/|a| hold, which implies the estimate

2Lf~\/A2 +2D? > 2(1 + |a])/|a|] > 2. Therefore, the criterion 2Lf~\/A2 +2D? < 1 for the existence
of a 2m-periodic solution is not satisfied for the scalar linearization for any values of € and a € R,
despite the fact that such a solution exists for sufficiently small ¢.

Obviously,

6. VARIATIONAL PROBLEM RELATED TO THE PROBLEM OF EXISTENCE
OF A 27-PERIODIC SOLUTION OF THE NONLINEAR EQUATION

The existence and uniqueness of a 27-periodic solution of the original nonlinear equation (1) was
established by studying the properties of the linearization of the right-hand side of Eq. (2). The cri-
terion for the existence and uniqueness of a periodic solution is stated as the strict inequality (22).
Therefore, the statement of the following variational problem is natural.

Variational problem. Minimize the functional

J(Ay, ..., A) =sLV/A2 +2D2 —  inf (26)

Ax,...,A;EM,L (R)
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under the constraints

MZ/J‘”I <Inp™,
j=1
where M = max;<;<; || 4;llrn, 3-;_; A; € GL,(R), and A;, € GLy,(R) for all k € N. Here M, (R)
is the ring of real n x n matrices and GL, (R) is the group of invertible real n x n matrices.
The quantities A and D are determined by formulas (15), and the matrices A, k € N are given
by formulas (8). Let us state a theorem on the existence and uniqueness of a periodic solution in
terms of the variational problem.

Theorem 5. Assume that the function g(-) € CW(R x R"**;R") in the nonlinear functional-
differential equation (1) is 2m-periodic in the variable t and satisfies the Lipschitz condition (5).
If the infimum J, of the functional in the variational problem (26) satisfies the inequality

J. < 1,

then Eq. (1) has a 2m-periodic solution. This solution is unique and belongs to the space C’Q(i) (R; R™).
Moreover, for any initial function i°(-) € CSY™ the sequence i™(-) = (JPF)™[z°()], m € N,

T

converges in the norm of the space C{Y(R;R") to one and the same function 2(-) € C2™ and the
rate of convergence satisfies the estimate

|@BEY" 2°0)] = ()l g < T = 2C)ll o (27)
The periodic solution x(-) € CS2(R;R") of Eq. (1) is obtained by the 2m-periodic continuation of
the solution Z(-) to the entire real line R.

Proof. Take a sequence (A;(k),...,As(k)), k € N, such that J(A,(k),...,As(k)) — J.
as k — oco. Starting from a sufficiently large IV, all assumptions of Theorem 4 are satisfied for the
linearization of the right-hand side of the original equation (1) with the matrices A;(k), ..., As(k),
k > N, belonging to this sequence. Therefore, for such an equation, there exists a unique
2m-periodic solution satisfying the following estimates for k > N:

|@BE)"[2°()] — 2()ll oo < (SLyv/A(K)? + 2D(E))"|2°C) — 2 ()| o

If we take the limit as k& — oo of the right-hand side of this inequality, then it becomes the
corresponding inequality (27). The proof of the theorem is complete.
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