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SOME METHODS OF COMPLEMENT OF WEAK REGULAR LINEAR
EXTENSIONS OF DYNAMICAL SYSTEMS TO REGULAR
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A method of completing certain weakly regular linear extensions of dynamical systems on the torus to the
regular is presented.

Hasedeno menod 0onosHenHs 0eakux caAabKope2yAapHUX AIHIUHUX PO3UUPEHb OUHAMIYHUX CUCHIEM
Ha mopi 00 pezyaapHUX.

1. Introduction. By examining the preservation issues of invariant tori of dynamical systems, it
is important to solve the problem of the existence of the Green’s function of linearized system.
Such a system of differential equations is called linear extension of the dynamical system. If
such a linear extension of a dynamical system has the Green’s function, then the invariant
torus of heterogeneous linear extensions can be written in an explicit integral form. This gi-
ves the opportunity to explore the smoothness of torus. If a homogeneous linear extension
has many different Green’s function, the test of smoothness of the invariant torus is rather dif-
ficult. Therefore, monographs [1, 3] propose a completion of the linear extension in the form
of a triangle to the regular, enabling a Green’s function for the initial linear extension to be an
n-dimensional block in a 2n-dimensional unique Green’s function. This work is devoted to a
more thorough study of the issue of complementing linear extensions in the triangle form to
regular systems that have a unique Green’s function.

2. The formulation and justification of the basic theorems. Consider a system of differential
equations

d d
1 —a@). %= A M
where ¢ = (¢1,...,0m), a(¢) = (a1(@),...,an(¢)) is a continuous vector function, 27-perio-

dical with respect to each variable ¢; and satisfying the Lipschitz condition, thus belonging to
the space Crip(Th), x € R", A(¢) is an (n x n)-dimensional square matrix, continuous and
2m-periodical with respect to each variable ¢;, A(¢) € C°(T,).

Itis known (see [1, 2]) that the system (1) will have infinitely many different Green’s functi-
on Go(T, ¢) with the exponential estimation ||Go(T, ¢)| < K exp{—~|7|}, K,y = const > 0 if
and only if there exists a quadratic form

V = (5(¢)y,y), )

y € R™ with a continuously differentiable and 27-periodical and symmetrical matrix of coef-
ficients, S(¢) = S(¢1, ..., ¢m), the derivative of which with respect to the adjoint system (1) at
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normal variable z, i.e., system of the form

do dy
E = a(¢)7 E = _AT(¢)y7 (3)
is positive definite:
V=< ngf%mw—swmﬂw—Awww>yw>zum% )
j=1 "7

and the matrix S(¢), for some values ¢ = ¢y, is degenerate,
det S(¢) = 0. (5)

For example, the system of equations

do . op1  dr 201
L= ng)t, 2 = pacoso) (©6)
for any values p, [ and real positive value p has infinitely many different Green’s function. We
know this because the derivative of the function V' = —(cos ¢)y? with respect to the system,
d¢ _

d
= (sing)? !, = —py(cos )Y, >0,

dt dt

is positive definite, V' = [(sin ¢)? + p(cos ¢)?'] y? and wherein cos ¢p = 0, ¢ = g

In the case when the system (1) has infinitely many different Green’s functions, a study of
the smoothness with respect to variables ¢ and the continuous dependence on the parameters
of these functions causes some difficulties. In [1, 2] there was proposed a way to complement
the system (1) with the new equation

@_ dx dy_

o =a0), o =A@, o =a- AT, (7)

where y € R". It turns out that the complemented system (7) will always have a unique (2n x
x2n)-dimensional Green’s function Gy(7, ¢) no matter that the system (1) has infinitely many
different such functions or only a unique one. Wherein the derivative of the quadratic form:

W = 2p<.’E,y> + <S(¢)ya y>a (8)

with respect to the system (7) for a sufficiently large fixed values of the real-parameter p > 0
will be positive definite. Note that if the system (7) is generalized as follows:

@_ dx dy

dt a(¢)’ a = A(¢)x’ E =T — AT(¢)yv (9)
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where B(¢) is an (n x n)-dimensional continuous matrix (B(¢) € C°(T},,)) that satisfies one of
the conditions:

(B(¢)z,2) > Bll=]?,  (B(p)x,z) < —Bl|z|?, (10)

where 8 = const > 0, then the derivative of the nondegenerate quadratic form (8) with respect
to system (9) will also have a definite sign. By writing the Green’s function of the system (9) in
the block form,
Go'(r.0) G (7. 9)
Go(T,9) = ;
Gg'(r.0) G§*(7.9)

we note that the first (n x n)-dimensional block G{!(r, ¢) is the Green’s function of the sys-
tem (1).
Of course, if the system (1) is regular, i.e., has a unique Green’s function, then the system
(9) for any matrix B(¢) € C°(T,,) will also be regular, and if the system (1) has infinitely many
different Green’s functions, then the system (9) is not regular for every matrix B(¢) € C°(T},).
It turns out that there are systems (1) that have infinitely many different Green’s functions and,
at the same time, there are regular extended system (9) for certain matrix B(¢) € C°(T},) that
do not satisfy any of the conditions (10). Let’s see this in the illustrating example
do

— = sin ¢,

dx dy .
% T = xcos¢, — = xsSing — ycosay, (11)

dt
which is regular (B(¢) = sin¢), because the derivative of the system (11) of the continuous
quadratic form

W = 22 cos ¢ + 2zysin ¢ — y? cos ¢ (12)

is positive definite, W = (sin? ¢+ 2 cos? ¢)(z2 +y?) > z2 +y>. There is a problem of separating
the class of regular systems in the form (9) with the matrix B(¢) € C°(T,,), which does not
meet even one condition (10). This work is devoted to examinate that issue.

Let us consider the case n = 1, A(¢) = A(¢) is a continuous scalar function, 27-periodical
with respect to each variable ¢;, j = 1,m, and denote

¢:k1¢1+---+k’m¢m+9:<k7¢>+97 (13)

where k; are some integers, k = (k1 ...
...+ |km/|, 0 a constant.
The following theorem takes place.

, km) a vector with integer coordinates, |k| = |ki| + ...

Theorem 1. Let for some integer vector k, |k| > 0 and a constant 0 the following inequality
be satisfied:

o = (k,a(¢))siny + 2X\(¢) cosyp > 0 (14)

forall ¢;, 5 = 1, m. Then the system of equations

@_ dx dy

L —al0), S =20 D= (ha@)e - Ao (15)
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is regular, and thus has only one (2 x 2)-dimensional Green’s function with the exponential esti-
mation.

Proof. Consider the quadratic form
W = 2% cost) + 2zysin — y? cos (16)
and write its derivative with respect to system (15), hence
W = 22 cos ) + x2(—sin )y + 2dy sinp + 2z sin + 2xy(cos b)) — 2y5 cos p+
+ % (sinh)Y = 2z(A\x) cosp + x2(—sin ) (k, a) + 2(Ax)y sinp + 2z((k, a)x — \y) sin Y+
+ 2xy cosY(k, a) — 2y((k,a)x — \y) cosp — y*(—sin ) (k,a) = o(z® + y?),

where o is the left-hand side of the inequality (14). Since the quadratic form (16) is nondegene-
rate, the system (15) is regular.
Theorem 1 is proved.

Remark 1. The inequality (14) shows that the scalar function (k, a(¢)) needs to take a zero
value for some ¢ = ¢g.
Consider the following examples.

Example 1. Let a differential system be given,

o1
dt

do2

d
= sin ¢ cos ¢, o = oS ¢1 sin @2, @ _ x cos(¢p1 + ¢2).

dt

Choosing k£ = (1,1), we get ¢ = ¢1 + P2, A(¢p) = cos®), (k,a) = siny and the inequality (14)
is fulfilled. The considered system has infinitely many Green’s functions and the complemented
system

dop1 dgo

. . T d .
—— = sin¢@1cos ¢y, —— = cos@iSings, — = xCosy, W xsiny — ycos 1,

d
dt dt dt dt

has only one.
Note that, in the example, two inequalities are satisfied,

(k,a(¢))siny >0, A(¢)cosyp >0 Vi € R, (17)

which for the other examples may not occur.

Example 2. 1 et a system of differential equations be given,

d d d
% = 3sin ¢ cos ¢g, % = 2cos ¢y sin ¢y, d—f = z[ncos(¢p1 — ¢2) + esin(p1 + ¢2)],

wheren = 1,2,..., |¢] < 0,5. Denoting ¢ = ¢1 — ¢2, k = (1;—1), we get

(k,a(¢))sinty = 2sin? 1) + sin ¢y cos ¢ sin 1y,
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2A(¢) cos1p = 2n cos®1h 4 2e cos P sin(¢y + ¢y).

This shows that inequalities (17) do not take place, but the inequality (14) will be satisfied.
In this way the system of equations

% = 3 sin ¢ cos ¢, % = 2c0os ¢1 sin ¢,
dx .
P [ncos(¢1 — ¢2) + esin(1 + ¢2)]z,
Z—ZZ = [3sin ¢1 cos ¢o — 2 cos ¢y sin po|x — [ncos(p1 — P2) + esin(d1 + ¢2)]y,

is regular for any natural value n and fulfilles the condition for |e| < 0, 5.
Remark 2. If we assume that in the system (15) 2,y € R, so they are n-dimensional vectors,
the notation generalizing of a quadratic form (16):

W = ||| cos ¥ + 2(z,y) sing) — ||y||* cos 9, (18)

we easy see that the derivative W with respect to system (15) will also be positive definite.

Remark 3. If condition (14) are satisfied, the system of equations

@_ dx dy

= a0) =A@ G = (ka(0)Br M@y, wycR (19)

for any constant nondegenerate matrix B will be regular, because the derivative of nondegene-
rate quadratic form || Bz|? cosy + 2(Bz,y)sint — ||y||? cosy with respect to the system (19)
will be positive definite.

A generalization of quadratic form (18) is the following:

W = <Sla}1, $1> cosy + 2<812I1, 1’2> siny — <SQ.732, $2> cos 1, (20)
where z; € R™, i = 1,2. The following statement ensures a lack of degeneration of the
quadratic form (20).

Lemma 1. Let symmetrical constant matrices S1, So in the quadratic form (20) be positive
definite,

(Sjzj,25) > yllzl? j=1,2, z; € R™, ~ = const > 0. (21)

Then the quadratic form (20) is nondegenerate for all values v € R if and only if the following
two conditions are satisfied

ny = no, detSis # 0. (22)
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Proof. Let us write the symmetric matrix S(v) that corresponds to the quadratic form (19),
Spcosyp  Siysin

S) = ; (23)
Sigsintyy  —Ss cosy

and suppose that it is nondegenerate for all values 1y € R. By substituting the value ¢ =

57
_ T
we get S (g) = [SO 552} . This matrix should also be nondegenerate, and it means that the
12
square matrix S* = 7 | is a positive definite matrix and, consequently,
(S Sz, 21) > el|a1|?,  x; € R™,
(24)

<5125?2:E2,l‘2> > €”$2||2, € = const > 0.

Simultaneous fulfillment of two inequalities (24) is possible in this case, if the two systems of
equations Si2x; = 0 and SITQQJQ = 0 have only zero solutions, which means that conditions
(22) should be satisfied. Now we will show that fulfillment of conditions (21), (22) are sufficient
for the matrix (23) to be nondegenerate for all ©» € R. Denote n = n; = ny. Since the
conditions (21) are fulfilled, there are nondegenerate matrices Li, Lo, such that L1T51 L1 =1,
LY S, Ly = I,. Of course, the matrix (23) is nondegenerate for all values 1) € R only in the case
where the matrix

- B T 0 S1 cos 1) ST sin v Ly 0 [ Lcosy 9Tsinw
S() = { O1 LQT] |:512Sin1/1 é’icoszb] [ 0 Lo ] - [ Osiny —I,cost ], (25)

is nondegenerate, where © = LQTSlng. Let’s see that the square matrix (25)

~ I,, cos® 1) + OO sin? 1) 0
2 _ n

§(w) = [ 0 I, cos? 1y + 00T sin%) |’ (26)

is a positive definite matrix. In fact, since det S12 # 0, then det® = det(LgSlng) # 0, and

this is the fulfillment of inequalities ||©z1|| > e||z1||, |©T 22| > €|z, ¢ = const > 0. In this

way we can write the estimate

(S%()z, ) = ||lz1]|* cos® p + [|©z1 ]| sin? ¢ + [|22]|* cos® ¢ + [©T 2| *sin® > o],

where 9 = min{1,%}. It follows that the matrices (26), (25), (23) are nondegenerate for all
Y € R.

Lemma 1 is proved.

Now we generalized the system of equations (19),

do
E - a’(¢)7

dzz
dt

dzrq

o = N@A@), = (k,a(@)) B(@)z1 = A(9)AT (9)wa,  (27)
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where x; € R", A(¢) is a continuous scalar function that satisfies the inequality (14) and we will
also explain the problem: for which (n x n)-dimensional matrices A(¢), B(¢) € C°(T,,), the
derivative of the nondegenerate quadratic form (20) with respect to the system (27) is positive
definite. Remembering that the variable v is defined by equality (13), let us write the derivative

W = 2(S121, A($)x1)A(¢) cos Y — (S121, 1) (k, a(9)) sinp + 2(S12A(d) 21, 22) \(@) sin i+
+2 <Slgx1, (k,a(¢))B(p)r1 — A(¢)AT(¢)$2> siny + 2(S12x1, x2) (k, a(¢)) cosp—

—2(Sowa, (k, a(9)) B(9)z1 — M@ AT (9)22) cos v + (Sawa, w2) (K, a(9)) sin .

This shows that for the derivative W to be positive definite, one needs to assume fulfillment
of the inequalities (14), (17), and the inequalities

([S14() + AT(9)S1] w, ) > e[, (28)
([BT(¢)S12 + SLB(¢) — Si] z,2) > e, (29)
S12A(8) — A($)S12 + Sia — S2B(¢) = 0, (30)
([S2AT(¢) + A(9)Ss] w,2) > e3|z||, (31)

where &; = const > 0,7 = 1, 3. In this way, we obtain the following conclusion.

Corollary 1. If, in the quadratic form (20), two constant symmetrical matrices S; = S]T
are positive-definite, and thus estimates (21) are true and, with those matrices and a constant
nondegenerate matrix Syo, conditions (28) — (31) are fulfilled, then assuming that the inequalities
(14), (17) are satisfied, the derivative of the quadratic form (20) with respect to system (27) is
positive definite, so the system (27) is regular.

Now, let us fix a quadratic form (20) and consider the set of equations of the form

de dx 2

= — =P R*" 32
L= b0), T =P@, weR™, (32)
such that the derivative of the the quadratic form with respect to the system (32) is positive
definite. But it turns out that a vector function b(¢) can be choosen any b(¢) € Crip(T5,), and
the (2n x 2n)-dimensional matrix P(¢) € C°(T;,) must be selected in the following form:

P(o) = 57(w) [ B@) + 210) - 5 T (kv (33)

where B(¢) is any symmetric, positive definite matrix and M (¢) is the antisymmetric matrix
MT = —M, B(¢), M(¢) € C°(R). We are interested in the question of whether there is a
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choice for the matrices B(¢) and M (¢) such that the matrix (33) has a block triangular form.
In order to clarify this issue in more details, we consider the form of the matrix (33).
Let us write the inverse matrix S~1(¢) in the block form,

st = [ 2], e
and directly determine the (n x n)-dimensional matrices X,;;. Hence
X1 = [Sycos? ¢ + szS;lSlg sin? )] ! cos ) = Ly cos,
Xi2 = [S2(S75) 1St cos® ¥ + Siasin? 4] "sinyy = Lsinsp, 55)

X9 = [5151_2152 cos?1p + SLysin® ] "t siny = Lsinp,
Xogg = —[Sacos? ) 4 812871 STy sin? p] ! cos i) = La cos b
Choosing the matrices B(¢), M (¢) of the form

[ B o [0 et
B0 = [ 76” ni ] M= ety % |

where the matrices B;(¢) are positive definite and ®(¢) is any matrix, we write matrix (33) in
the block form, P(¢) = {P;;($)}? while we have

=1
Pi1(¢) = L1B1(¢) costp + LT ®(¢) sinp + % (k,b(¢))[L1S1 — LT S12] cosypsinap,
Pia(6) = ~L1@7(8) cos -+ LT By(d)sin s — 5 (b, b)) LT, cos® o+ LTSy sin? ),
Py(¢) = —La®(¢) costp + LB (¢) sinty + % (k,b(#))[L2S12 cos® ¢ + LS sin® )],

Py (¢) = —LaBa(¢) costp — LBT(¢) sineh + % (k,b(¢))[LaSy — LSL)] costpsinp.

We explain the conditions under which there are matrices ®(¢), Ba(¢) such that Pja(¢) = 0.
Wherein the matrix Bz(¢) to be symmetric and positive definite.
The equation Pj2(¢) = 0 takes the form

1
—L1®7(¢) cos 1 + LT By(¢) sintp = 5 (F, b($))[L1S%y cos? 1 + LT Sy sin? 1)]. (36)
Note that when the scalar function

(6) = 5 (k. b(9) (37)
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identically equals zero or is identically equal to a certain constant, or in general, preserve the
sign for all ¢ € T,,, equation (36) has no solutions such that the matrix Ba(¢) is positive definite.

Indeed, substituting in (36) the values ) = j:g, we obtain

Bz(¢)|¢:g = P(¢)|¢:g Sz, — Bz(éf’)w:_g = P(GZ))M:_g Sa.

Since the constant matrix S5 is positive definite, the matrix Bs(¢) can be positively defined only
under the condition that the scalar function (37) changes sign, while we must p(¢)[y=z > 0,
P(¢)‘w:—§ < 0. Recall that the variable 1 is related to the variables ¢; in terms of the linear
relation (13)

Now suppose that the scalar function (37) has the form

p(6) = 5 (b(6)) = p(6) s, peEN, (38)

with a coefficient p(¢) > 0. We will find a solution (®7(¢), Ba(¢)) of the equation (36) with
a positive definite matrix By(¢). For this purpose, we place matrix By(¢) in equation (36) as
follows: Ba(¢p) = Ba(¢) [sin?? 1 + cos?’ 9] and get

—L1®T(¢) cos i + LT By(¢)[sin®? p + cos?P ] sinep = p(¢)L1SLy cos? 1 sin?P T op+
+ p(¢) LT Sy sin®H 1 ap.

We can see here that the resulting equation will be satisfied when the following two equations
take place:

Ba(¢) = p(¢)S2,
—L1®T + LT By() cos®™ L ypsinyp — p(¢)L1ST cospsin?? Ly = 0.

Thus if the scalar function (37) in equation (36) has the form (38), this equation always has a
solution

Ba(6) = p(¢)Sa [sin?? 1 + cos? 4],
" = p(¢) Ly LT Sy cos® ! psintp — p(¢) S5 cos i sin® T ap.
Summing up the considerations, we can write them in the form of the following theorem.

Theorem 2. Let a nondegenerate quadratic form (20) be given,
W = (Siz1,x1) cosp + 2(S1ax1, x2) sin ) — (Saxa, x2) cos P,

with constant (n x n)-dimensional matrices S, Sio that satisfy the conditions (21), (22), ¢ =
= ki1¢1 + ... + kmodm + 0, and suppose that a set of systems (32) for which the derivative with
respect to them is positive definite. Then, under the condition (38), within these systems there are
systems with block the triangular matrix P

| Pi(9) 0
P = {sz P2<¢>}’ (9)
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where Pj are (n x n)-dimensional matrices. If the condition (38) will be replaced with one of the
following conditions: (k,b(¢)) = const, or (k,b(¢)) > 0, 0r (k,b(¢)) < 0, then the set of systems
(32) does not contain a block triangular matrix P in the form (39).

3. Conclusions. The regularity property of certain classes of linear extensions of dynami-
cal systems on the m-dimensional torus with the block triangular matrix in normal variables
was examined. The studies make it possible to explain smoothness of the Green’s function with
respect to parameters for weakly regular linear extensions of dynamical systems, as well as to
clarify the continuous differentiability of invariant torus for disordered systems. Research are
related to the nonlinear multifrequency oscillations. The trajectories of the function that descri-
bes the vibrations are located on the multidimensional toroidal surfaces. Problem of preser-
ving such toroidal surfaces under small disturbances is important and currently not resolved
completely. A contribution to the mathematical solution of this issue is this work.
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