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SOME PROBLEMS OF THE LINEAR THEORY OF SYSTEMS
OF ORDINARY DIFFERENTIAL EQUATIONS

JESKI TPOBJEMM JIHIMHOI TEOPII CUCTEM
3BUYAMHUX JUPEPEHIIAJIBHUX PIBHSIHD

We consider problems of the linear theory of systems of ordinary differential equations related to the investi-
gation of invariant hyperplanes of these systems, the notion of equivalence for these systems, and the Floquet—
Lyapunov theory for periodic systems of linear equations. In particular, we introduce the notion of equivalence
of systems of linear differential equations of different orders, propose a new formula of the Floquet form for
periodic systems, and present the application of this formula to the introduction of amplitude-phase coordinates
in a neighborhood of a periodic trajectory of a dynamical system.

PosrstayTo pobnemu niHiiHOI Teopii cucTeM 3BHYaiHUX AudepeHniaTbHIX PiBHAHB, 0B’ SI3aHi 3 JOCTIIKEH-
HSIM 1HBapiaHTHHX TiNEPIUIONINH TaKHX CHCTEM, HOHSTTSIM €KBIBAJICHTHOCTI [UIsI BKA3aHUX CHCTEM Ta TEOPIEr0
@rnoke — JIsnyHoBa [Tl NEpiOAMYHHUX CUCTEM JIHIMHHX PIBHAHB. 30KpeMa, BBEACHO IOHSITTS €KBiBAaJICHTHOC-
Ti cucTeM NiHIHEX AudepeHiaTbHIX PIBHSHD Pi3HUX MOPS/KIB, 3aIPONOHOBAHO HOBY (HOPMYIy BHILSILY
®rnoke a1 NEepiOMYHUX CHCTEM, HABEICHO 3aCTOCYBaHHs 11i€l (JOPMYIH JUIs BBEICHHS aMILTITYAHO-()a30BUX
KOOPJIMHAT B OKOJIi NMEPiOANYHOI TPAEKTOPIl AMHAMIYHOI CHCTEMH.

Introduction. In this work, we consider problems of the linear theory of systems of
ordinary differential equations related to the investigation of invariant hyperplanes of
these systems, the notion of equivalence for these systems, and the Floquet—Lyapunov
theory for periodic systems of linear equations.

The work is based on the preprints [ 1 ] and [ 2 ] and consists of three parts.

In the first part, we clarify conditions of invariance in the sense of Bogolyubov for
two orthogonal hyperplanes with respect to a linear system of differential equations with
variable coefficients. It is proved that the invariance of these hyperplanes is equivalent
to the separation of the system of differential equations into two independent subsystems
whose orders correspond to the dimensions of the hyperplanes.

On the basis of these investigations, we introduce the notion of equivalence of
systems of differential equations of different orders.

In the second part, we consider a real 7T-periodic system of linear differential
equations. We study the case, inadequately described by the Floquet — Lyapunov theory,
of necessary period doubling under the reduction of this system to a system with constant
coefficients by a real periodic matrix. We prove the real T-periodic equivalence of this
system and a higher-order system of differential equations with constant coefficients.

In the third part, the results of the second part are used, first, to the reduction of
a nonlinear system of differential equations with separated periodic linear part to a
system of equations with constant coefficients with separated linear part of higher order
and, second, for the introduction of local coordinates in the neighborhood of a periodic
trajectory of an autonomous system of nonlinear differential equations.

1. Two lemmas. Suppose that matrices 1 (¢) and ®o(t) are continuously differentiable
forall t € R, ®1(t) € My (R), ®2(t) € My, (R), where m > n > p = m — n, and
the following condition is satisfied:

D4(2)
det By(t) #0.
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Let @1 (¢) and ®3 (¢) denote matrices pseudoinverse to ®;(¢) and ®5(t) and defined
by the condition

(q)l(t)> (@F (1), 05 (1)) = E (1.1)
Dy(t)) - ’ '

D1(t) € My m(R), ®3(t) € My_pm(R), E € M,,(R).
Let

My(t) = @7 (1) 21(1),
My(t) = 3 () Do (1)

If follows from (1.1) and the definitions of the matrices M (t) and M(¢) that these
matrices satisfy the conditions

M2(t) = My(t), v=1,2, rank M (t) = n, rank Ms(t) = p,

M (t)Ma(t) = Ma(t)M(t) =0, My (t) + My(t) = E. (1.2)
Let us prove equality (1.2). Indeed, since the matrix (®7 (t), ®7 (¢)) is inverse to the

Dy (1)

matrix <<I> o , multiplying the latter from the left by the matrix (®7 (t), @3 (t)) we
2(t

obtain the equality

O (1)1 (t) + 05 (1) P2 (t) = E,

which is equivalent to equality (1.2).
In the space R™, we define two subspaces by using the matrix M (¢), namely,

M"(t) ={y € R™:y = Mi(t)y},

(1.3)
M™7(t) = {y € R™: My (t)y = 0},
and two subspaces by using the matrix My (t):
MY(t) ={y € R™: y = Ma(t)y},
(1.4)

M"P(t) ={y € R™: My(t)y = 0}.
Lemma 1. The subspaces M*(t) and M (t), k € {n,p}, satisfy the conditions
M"™(t) = M{"P(t) = ker @o(t), M™"(t) = MY (t) = ker @1 (t).

Indeed, according to properties of the matrix M;(t), the general solution of the
equation defined by subspace (1.3) is the function

y = Mi(t)c(d), (1.5)

where ¢(t) is an arbitrary function with values in R™. According to properties of the
matrix Ms(t), the general solution of the equation defined by subspace (1.4) is the
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function
y = (E— Ma(t))er(t) = Mi(t)er(t).

Thus, the general solutions of the considered equations coincide for ¢(t) = ¢ (¢), which
proves the equality M™(t) = M" P (t).
It follows from the definition of A"~ ” that

M{"7P(t) = ker Mo(t) = ker(®F (t)®2(t)).
Taking into account that the equality ®2(¢)xz = 0 implies that
Oy ()@ (t)z =2 =0,

we conclude that ker @3 () = 0 and, hence, ker(®3 (£)®4(t)) = ker ®o(t). This proves
the first equality of Lemma 1. The second equality is proved by analogy.
Lemma 2. The mapping 7 (t): y = @] (t)x is a diffeomorphism of R™ into
M™(t), and the mapping ®3 (t): y = ®F (t)x is a diffeomorphism of R™ into M™ " ().
We prove only the first assertion of Lemma 2 because the second assertion is proved

by analogy. @
Dq(t

The matrix ®] (¢), as a block of the matrix inverse to < >7 is continuously

22109
differentiable and has a continuously differentiable pseudoinverse matrix, namely ®; ().
Therefore, to prove the first assertion of Lemma 2, it remains to prove that the mapping
®F(t): R™ — M™(t) is a homeomorphism.

Since ker ®1 () = 0, we conclude that ®} (¢) is a homeomorphism of R™ into the
image of ® (¢#;R") under the mapping ®; (t): R® — R™. It remains to prove that
dF (t;R") = M™(2).

Assume that this is not true. Then either there exists a point y € @] (¢; R™) such that
y ¢ M™(t) or there exists a point y € R™ such that y ¢ &1 (t;R").

In the first case, y is the image of a certain point from R™, namely the point
x = ®(t)y, according to the equation y = @ (t)z. In this case, we have y =
=& (t)®1(t)y, y = M1(t)y, y € M"™(t), which contradicts the assumption.

In the second case, we have y = M (t)y and, according to (1.5), y = M (t)c(t)
for a certain c(t) € R™. Thus, y = M;(t)c(t) = @7 (t)®1(t)c(t) = @ (t)z, where
x = ®1(t)c(t), i.e., y is the image of the point  under the mapping ® (¢): R — R™,
whence y € ®] (t;R™). This contradicts the assumption.

2. Main theorem. According to the results presented above, every continuously
Dy (t)

differentiable nonsingular matrix ( > defines, in the (¢, y)-space R x R™, m =

Dy (t)

. [ ®u(D)
= dim , the two subspaces
2109)

ker @1(t) = M{'(t), n =dim®q(t),

ker ®o(t) = M{""(t), p=dimPy(t) =m —n,
and two diffeomorphisms

O (t): R™ — M (t),
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OF(t): R — M (¢).

Using a matrix Q(t) € M,,,(R) continuous for all ¢ € R, we introduce, in the (¢, y)-space
R x R™, a linear vector field (t,3’ = Q(t)y) the integral curves of which are defined
by the solutions y = y(t) of the differential equation

W _ Q. @.1)

dt
If the union of the subspaces M7 (t) and M{"""(t) (or one of these subspaces) is
the union of integral curves of the vector field (¢,y’), then these subspaces are called
invariant manifolds of the differential equation (2.1) or the vector field (¢,y’). If the
subspace MF(t), k € {n,p}, is an invariant manifold of Eq.(2.1), then “the motion of
its points y in the (¢, y)-space is independent of the motion of the points y outside the
subspace M"(t) for both ¢ > 0 and ¢t < 0”.

We pose the problem as follows: Find conditions under which the subspace MF(t)
is an invariant manifold of Eq.(2.1). An equivalent statement of this problem is the
following: Find conditions under which the solutions y = y(t) of Eq.(2.1) satisfy one
of the additional conditions

y = M(t)y

and
M1 (t)y = 0

for any ¢t € R.

Finally, according to the terminology of Krylov—Bogolyubov nonlinear mechanics
[3, 4], the invariant manifold M*(t) of Eq.(2.1) is an integral manifold of Eq.(2.1) if,
for any solution y = y(t) of Eq. (2.1), the fact that the inclusion

y(t) € M*(1),

holds for a certain ¢ = ¢y implies that this inclusion is true for any ¢ € R.

Therefore, the posed problem is equivalent to the problem of finding conditions under
which the subspace M*(t) is an integral manifold of Eq. (2.1).

Theorem 1. Suppose that Q(t) € M,,,(R), ®(t) € M, (R), m > n, ®T(t) €
€ M0 (R), and rank ®(t) = n. Let Q(t) be a continuous function and let ®(t) and
&1 (1) be continuously differentiable functions for all t € R. Also assume that ®7 (1) is
a matrix pseudoinverse to the matrix ®(t) and

M"(t) ={y e R™: y = M(t)y},
M™7(t) ={y e R™: M(t)y = 0},

M(t) = @7 ()2 (1),

dM
L(M,Q) = ﬂ‘FMQ*QM.

Then the following assertions are true:
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1. The subspaces M"™(t) and M™ " (t), taken together, are invariant manifolds of
the differential equation

dy
A |
- = Qt)y (D)
if and only if
L(M(t),Q(t)) = 0.

2. The subspace M"(t) is an invariant manifold of the differential equation (1) if

and only if
L(M(t), Q) M(t) = 0

Jor any t € R. Moreover, if M™(t) is an invariant manifold of Eq. (1), then, on M™(t)
defined by the diffeomorphism ®%(t),

y=o"(t)x, xecR",

Eq. (1) is equivalent to the equation

i P(t)x (1)
with the coefficient matrix
P = (%57 + e)00) o),

i.e., the fundamental matrices of solutions of Eqs. (1) and (I) Y (t) and X (t), Y (0) = E,
X(0) = E € M,,(R), satisfy the relations

Y(t)®T(0) = ¥ ()X (1),

X(t) = B()Y (1) (0)

foranyt e R.
3. If M™"(t) is an invariant manifold of Eq. (1), then

ker L(M(t), Q(t)) > M™ " (t)

forany t € R.
We now pass to the proof of the theorem. Let

L(M(t),Q(t)) =0 VteR.

Consider the function
r = (B - M(#)y(b), (2.2)

where y = y(t) is a solution of Eq. (2.1) corresponding to the initial conditions
y(to) = Mto)e (2.3)

and c is an arbitrary point of the space R"™. According to definition (2.2), the function
r is equal to zero for ¢t = tg :

r=r"=(E—M(to))y(to) = (E — M(to)) M (to)c = 0. (2.4)
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Differentiating function (2.2), we obtain

dr dM(t)
dt dt

+ (B = M(#)Q(t)y(t) =

= Q0 - (T + MO0 - M) o) - QOO

=—L(M (), Q(t)y(t) + Q(t)(y(t) — M(t)y(t)) = Q(t)r- (2.5)
According to (2.4), it follows from (2.5) that 7 (t) = 0. Therefore,
y(t) = M(t)y(t) VteR. (2.6)
On the one hand, we have
rank M (t) = rank(®" (¢)®(t)) < min(rank ® (¢), rank ®(t)) = n,
while, on the other hand,
n = rank(®(t)®T (1)®(£)® T (¢)) = rank(®(t) M (t)® 1 (¢)) < rank M ().

Therefore, rank M (¢) = n for any ¢ € R. Then the subspace of R™ defined by points
(2.2) is n-dimensional. Since points (2.3) belong to the subspace M"(ty), the subspace
M™(tg) coincides with the subspace defined by Eq.(2.3). In this case, equality (2.6)
means that

y(t) e M"(t) VteR

for any solution of Eq.(2.1) with initial value y(to) = M (to)c for an arbitrary ¢ € R™.
Thus, the subspace M™(¢) is an invariant manifold of Eq. (2.1).
We now find the solution y = y(t) of Eq.(2.1) with the initial conditions

y(to) = (E — M(to))c, 2.7)
where c is an arbitrary point of R™, and consider the function
re = M(t)y(t).

Differentiating this function, we get

% _ df‘jlt“)y(t) + M(5)Q)y(t) =
- (dﬂgt(t) +MHQ®E) — Q)M (t)> y(t) + Q)M (t)y(t) =

= LM (1), Q(1)y(t) + Q(t)r = Q(t)r. (2.8)
By definition, the function r; is equal to zero at the point ¢ = ¢ :
r1 =11 = M(to)y(to) = M(to)(E — M(to))c = 0. (2.9)

Therefore, it follows from (2.8) and (2.9) that 1 (¢) = 0 for any ¢ € R. Thus,
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M@t)y(t)=0 VteR,
which completes the proof of the inclusion
y(t) € M™7"(t) (2.10)

for any ¢t € R.

Consider rank(E — M (tg)) = m—rank M (ty) = m —n. Thus, the subspace formed
by points (2.7) is (m — n)-dimensional and coincides with the subspace M™ " (¢p). In
this case, inclusion (2.10) means that the subspace M ™" (t) is an invariant manifold of
Eq.(2.1).

We have proved that the condition L(M (¢), Q(t)) = 0 is sufficient for the subspaces
M™(t) and M™"(t), taken together, to be invariant manifolds of Eq. (2.1).

Let the subspace M " (t) be an invariant manifold of Eq. (2.1). Consider the solutions
of Eq.(2.1)

y=Y(t)2"(0)c,

where c is an arbitrary point of R"". The relation
y(0) =Y (0)2F(0)c = ®*(0)c € M"™(0)

yields the inclusion
Y (#)®T(0)c e M™ VteR.

This means that
Y(t)CI)Jr(O)c = M(t)Y(t)@*(O)c (2.11)

for any ¢ € R™ and, hence, for unit vectors of the space R™. It follows from (2.11) that
Y()®T(0) = M(t)Y (t)®1(0) (2.12)

for any ¢t € R.
Let X; denote the matrix

X; = ®(t)Y (1)®T(0). (2.13)
We rewrite (2.12) in the form of the relation
Y ()@ (0) = & () X3, (2.14)

which is true for any ¢ € R. Differentiating (2.14) with regard for (2.12) and (2.13), we
obtain

QMY (1)®@T(0) = @Xt + @*(t)%, (2.15)
Qe 0x: = v oo (R x00) + )@Y 0 0) -
= dq’;(“ X+ ®T(t) (dq;it) + @(t)Q(t)) Ot (1) X;. (2.16)

Subtracting (2.15) from (2.16), we get
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@*(t)% =0t (t) (Cl‘zit) + @(t)Q(t)) O (1) X,

This proves that

for any t € R. Since ker T (¢) = 0, equality (2.17) is possible only if

+ @(t)Q(t)) @*(t)Xt} =0 2.17)

dX;

= P(t)X;, (2.18)
where iB(t
P(t) = (dlg) + @(t)Q(t)) ot (¢). (2.19)

By definition, we have
Xo=®(0)Y(0)®T(0) =E, E€M,.

Therefore,
X;=X(t) vteR.

Thus, if M™(t) is an invariant manifold of Eq. (2.1), then (2.14) takes the form
Y ()T (0) = T (1) X(t), (2.20)

where X (t), X(0) = E, is the fundamental matrix of solutions of Eq. (2.18).
Multiplying (2.20) from the left by ®(¢), we get

X(t) = B()Y (£)D+(0).

Differentiating (2.12), we obtain

ave o) = (U4 4 M)Qw) - QM) (027(0) + QUOY ()2 0)
2.21)

In view of (2.12), relation (2.21) yields
LM(t), Q)Y (1D (0) = 0. 2.22)

Using (2.22) and (2.14), we get
L(M(t),Q(t))®" (1) X (t) = 0.
Multiplying this equality from the right by X ~!(#), we obtain the final result
L(M(t),Q(t)2*(t) =0

for any ¢ € R.

Thus, the fact that the subspace M™(t) is integral implies that all conditions of the
theorem related to this case are satisfied; to this end, it suffices to rewrite equality (2.20)
as an equation of the subspace M™(t) in the parametric form:
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y =&t (t)z, eR", teR.
Assume that the condition
L(M(t),Q(t))®*(t) =0 VteR, (2.23)

is satisfied. Multiplying (2.23) from the right by the matrix ®(¢) X (¢), where X (¢) is the
fundamental matrix of solutions of Eq. (2.18) with coefficient matrix (2.19), X (0) = E,

we obtain
L(M(),Q(t)M(t)X(t)=0 VteR.

Now consider the function
r=y(t) — ®T(t)X(t)c, (2.24)

where y = y(t) is the solution of Eq. (2.23) such that
y(to) = ¥ (to) X (to)c (2.25)
and X (t), X(0) = E, is the fundamental matrix of solutions of the equation

dzr

> _p
pr (t)x
with coefficient matrix (2.19). Differentiating function (2.24), we obtain
d d®T(t
dit" = Q(t)y(t) — ( dt( )X(t)c+ @*(t)P(t)X(t)c) -

= Q)[(y(t) — e* ()X (t)e)]+

+ Q)P (1) X (t)c — (d(p;;(t)x(t)c + <I>+(t)P(t)X(t)c> =
=Q(t)r — <d(};(t) + @1 () P(t) — Q(t)cb+(t)> X(t)c . (2.26)

Let us prove that the second term in (2.26) is 0 € M,,,,. Indeed, taking (2.19) into
account, we get
d®T(t) dd(t)

L oo (U + emam) o0 - Qe -

= % + (I)Jr(t)%it)qfr(t) + M(t)Q(t)CI)+(t) _ Q(t)(I)+(t) _

_ (dq’;“) B(t) + <I>+(t)d((};l(f)) B (1),

2.27)
MH)QH)PF (1) — Q)M ()T (t) + Q)M (1) @™ (t) — Q(1)®™ (1) =
_ (dM(t)

T M(t)Q(t) — Q(t)M(t)> (1) +

+ QM) ()@t 2™ (t) — Q)2 () = 0.
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With regard for (2.27), equality (2.26) takes the form

dr
i ()r. (2.28)

For t = tg, according to (2.25), function (2.24) is equal to zero:
r(to) = y(to) — ¥ (to) X (to)c = 0.
Therefore, it follows from (2.28) that
r(t) =0 VteR,

and, hence,
y(t) = T ()X (t)e Vt €R, (2.29)

where c is an arbitrary point of the space R™.
Since (2.29) is the parametric representation of the equation of the subspace M™(t),
it follows from (2.29) that the condition that

y(t) € M™(t) (2.30)

for t = to implies that inclusion (2.30) holds for any ¢ € R. This proves that condition (2.23)
is not only necessary but also sufficient for the subspace M™(¢) to be an invariant
manifold of Eq. (2.1).

This completes the proof of the second assertion of Theorem 1.

Let the subspace M™~"(t) be an invariant manifold of Eq.(2.1). Consider the
solutions y = y(t) of Eq.(2.1) defined by the relation

y(t) =Y ()(E - M(0))e,

where c is an arbitrary point of R™.
It follows from the relation

(0)y(0) = M(O)Y (0)(E — M(0))e = M(0)(E — M(0))e = 0

that y(0) € M™~"(0) and, hence, y(t) € M™ "(t) Vt e R. This proves that
M@®)Y (t)(E—-M(0)e=0 VteR.

Differentiating this equality, we get

(dM(t)

)+ M) - QM) Y ()~ MO)e +
+ QU)MM)Y (t)(E — M(0))e = L(M(t), Q)Y (t)(E —M(0)e=0. (2.31)
The points y = (E — M (0))c define the subspace M ™™ (0). Therefore, the equation
y=Y () (E - M(0))c, ceR™, teR,

defines the subspace M ™~ "(t) in the parametric form. Therefore, equality (2.31) means
that
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ker L(M(t),Q(t)) > M™ "(t) Vt€R. (2.32)

Thus, inclusion (2.32) is a necessary condition for the subspace M™ "(t) to be an
invariant manifold of Eq. (2.1).

Assume that the subspaces M™(t) and M™ " (t), taken together, are invariant
manifolds of Eq. (2.1). Then equality (2.22) yields

ker L(M(t),Q(t)) DY (t)M(0)c Vit e R, (2.33)
where c is an arbitrary point of R™. Moreover, since the equation
y=Y({t)M(0)c, ceR™ teR,
defines the subspace M™(t) in the parametric form, it follows from (2.33) that
ker L(M(t),Q(t)) D M"(t) VteR.

Thus, if the subspaces M™(t) and M™ " (t), taken together, are invariant manifolds of
Eq.(2.1), then
ker L(M(t),Q(t)) D (M™(t) U M™ " (t)). (2.34)

Since rank M™(t) = n, rank M™~"(t) = m —n, and M™(t) N M™~"(t) = {0}, we
conclude that the union on the right-hand side of expression (2.34) contains a basis of
the space R™. Therefore, relation (2.34) yields

ker L(M(t),Q(t)) D R™ VteR. (2.35)
Since ker L(M (t), Q(t)) € M,,(R) Vt € R, inclusion (2.35) is possible only if
ker L(M (t),Q(t)) = 0. (2.36)

Thus, condition (2.36) is not only sufficient but also necessary for the subspaces M " (t)
and M™~"(t), taken together, to be invariant manifolds of Eq. (2.1).

3. Equivalence of linear differential equations of different orders. We prove the
following theorem.

Theorem 2. Ifthe subspaces M"(t) and M™ " (t), taken together, are invariant
manifolds of the differential equation

dy
—= =Q(t I
~ = Q. )
then the change of variables

y = of (t)x + &3 (t)2 (In)
reduces this equation to the system of differential equations

dx dz

with coefficient matrices
P = (24 4,000 a0 av)
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dt

and vice versa, if the differential equation (1) can be reduced by the change of variables (11)
to the system of differential equations (I11), then the subspaces M™(t) and M™ " (t),
taken together, are invariant manifolds of Eq. (1), and the coefficient matrices of
system (I11) are defined by relations (IV) and (V).

Indeed, let the subspaces M ™ (t) and M ™~ "(t), taken together, be invariant manifolds
of Eq. (I). Then, according to assertion 2 of Theorem 1, Eq. (I) is equivalent on M"(t)
and M™~"(t) to the corresponding first and second equations of system (IIT) with the
coefficient matrices defined by relations (IV) and (V), respectively. Let Y (¢), X (¢), and
Z(t), where Y (0) = E, X(0) = E, and Z(0) = E, be the fundamental matrices of
solutions of Egs. (I) and (III) and let E be the identity matrices of the corresponding
orders. According to assertion 2 of Theorem 1, we have

a(t) = (d%(t) +<1>2<t>c2<t>) @5 (1), W)

V()2 (0) =@ ()X (1),  Y()25(0) =3 (H)Z(1) G.1

for all ¢ € R. Thus, according to (3.1),

+ + + + X(t) 0
Y(t)(<I>1 (0), @, (O)) = ((I)l (t), o5 (t)) 0 Z(t) (3.2)

for all t € R. The equality
Y () = Of ()X (1)01(0) + OF (1) Z(1)02(0)
for all ¢ € R follows from (3.2). Thus, for an arbitrary yy € R, we have
Y (t)yo = @1 ()X (t)xo + @5 (1) Z(t)20 (3.3)
for all ¢ € R and x( and zg chosen according to the condition
xo = ®1(0)yo, 29 = P2(0)yo-

Equality (3.3) means that the change of variables (II) reduces the differential equation (I)
to the system of differential equations (IIT).

Now assume that the differential equation (I) can be reduced to the system of
differential equations (III) by the change of variables (II). Taking into account that the
subspaces z = 0 and x = 0 are invariant manifolds of system (III) and using (II), we
obtain relations (3.1), which yield

X(t) = 21()Y ()2](0),  Z(t) = 2(1)Y ()25 (0) (3.4)

forall t € R.
Substituting (3.4) into relations (3.1), we obtain

Y ()21 (0) = Mi(t)Y (1)1 (0), Y (1)25(0) = Ma(t)Y (1) @3 (0) (3.5)

forall t € R.
It follows from the first relation in (3.5) that
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y(t) = Mi(t)y(t) (3.6)
for any solution y(¢) of Eq. (I) that satisfies the condition
y(0) = &7 (0)e, (3.7)

where ¢ is an arbitrary constant from R"™. Since points (3.7) fill the subspace M™(0), we
conclude that, according to (3.6), the integral curves (¢, y(t)) of Eq. (I) that pass through
points of the subspace M"™(0) for ¢ = 0 belong to the subspace M™"(t) for any ¢ € R.
This is sufficient for the subspace M™(t) to be an invariant manifold of Eq. (I).

It follows from the second relation in (3.5) that

y(t) = Ma(t)y(t)
for any solution y(t) of Eq. (I) that satisfies the condition
y(0) = 3 (0)c,

where c is an arbitrary constant from R ~".
By analogy, we prove that the subspace

M3*M(t) = {y e R ": y = My(t)y}

is an invariant manifold of Eq. (I).
According to Lemma 1, the equality

Mgﬂfn(t) — M’H’L—’!L (t)

holds for any ¢ € R. This proves that the subspace M™ " (t) is an invariant manifold of
the differential equation (I). Thus, the subspaces M™(t) and M™ "(t), taken together,
are invariant manifolds of Eq. (I). According to assertion 2 of Theorem 1, this is sufficient
for relations (IV) and (V) to be true.

Let F(t) € Mp,(R), n > p, F™(t) € My, (R), rankF(¢) = p, and let F(t) and
F*(t) be continuously differentiable functions for all ¢ € R. Also assume that F'*(t)
is a matrix pseudoinverse to the matrix F'(t) and K (¢t) = F*(t)F(t). Finally, let the
subspace

KP(t)={z eR": x = K(t)z}

be an invariant manifold of the differential equation

dzx
= = P(t), (V1)

which is equivalent on K?(t) to the differential equation

dz
= = Rz (VII)

The system of differential equations (III) is called a decomposition of the differential
equation (I) if the change of variables (II) reduces this equation to the system of

differential equations (III).
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The differential equation (VII) is called a restriction of the differential equation (VI)
to the subspace K”(t) if the subspace KP(¢) is an invariant manifold of Eq. (VI), and
this equation is equivalent to Eq. (VII) on K?(t).

We say that the differential equations (I) and (VI) are equivalent if Eq. (VI), together
with its restriction to K™~ "(t) (VII), is a decomposition of Eq. (I).

By definition, the fundamental matrices of solutions of equivalent differential equations
are expressed in terms of one another via the matrices that define the invariant subspaces
of these differential equations. Indeed, using the definitions presented above and taking
into account that

G(t) = R(t)

for all ¢ € R, we conclude that relation (3.1) and the relation
XOFT(0)=Ft(t)Z(t) (3.8)

for the fundamental matrices of the solutions Y'(¢), X (¢), and Z(t) of the differential
equations (I), (VI), and (VII) are true.
It follows from (3.1) and (3.8) that

Y () = (®F ()X (t) + ©F () F ()X (t)F+(0)) (?Eg;) _

= OF ()X (t)®1(0) + @3 (t)F(t) X (t) F*(0)®5(0), (3.9)

X(t) = 21(1)Y (1) 7 (0) (3.10)

forall ¢ € R. Relations (3.9) and (3.10) describe the relationship between the fundamental
matrices of solutions of the equivalent differential equations (I) and (VI).
The notion of equivalence of differential equations of orders m and n defined above
for
m>n>m-—n

can easily be generalized to the case
m = 2n. (3.11)

Indeed, since the space R™ is an invariant manifold of the differential equation (VI), and
Eq. (VD) is equivalent on it to the differential equation (VII) with the same coefficient
matrix, we conclude that, in case (3.11), the equivalence of the differential equations (I)
and (VI) is determined by the decomposition of Eq. (I) into the system of equations

dzr dz
Z_p — =P .
dt (t)z, dt (t)z

The results presented above yield the following statement:
Corollary. The differential equations (1) and (V1) are equivalent if and only if

L(M(t),Q(t)) =0, L(K(¢),P(t))K(t) =0, (VIID)
P = (2 4 .00 ot (0, 1x)
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<d<I>;t(t)

dF (t)

saaQ) o0 = (G FOPO)FO X

forallt € R.

Indeed, assume that the differential equations (I) and (VI) are equivalent. Then we
have the decomposition of Eq. (I) into the system of equations (III) the second equation
of which is the restriction of the differential equation (VI) to K™~ "(¢). It follows from
the definition of decomposition and Theorem 2 that the subspaces M™(t) and M™ " (t)
are invariant manifolds of the differential equation (I). It follows from the definition of
the restriction of the differential equation (VI) to the subspace K™~ ™(t) that K™ "(t)
is an invariant manifold of this equation. According to assertions 1 and 2 of Theorem
1, this is sufficient for relations (VIII) and (IX) to be true. Moreover, this is sufficient
for the coefficient matrices of the differential equations (I), (III), and (VII) to satisfy the
relations

6o - (120 + auiam) o5 0 6.1
R(t) = (dflf) + F(t)P(t)) Fr ), (3.13)
and
G(t) = R(t) (3.14)
for all t € R.

The last relation proves equality (X).

Let relations (VIII) — (X) be true. Then, according to assertions 1 and 2 of Theorem 1,
the subspaces M " (t) and M™~™(t) are invariant manifolds of the differential equation (I),
and the subspace K™ "(t) is an invariant manifold of the differential equation (VI);
furthermore, the coefficient matrices of the corresponding differential equations G(¢) and
R(t) are defined by relations (3.12) and (3.13), and, hence, according to condition (X),
they satisfy equality (3.14). According to Theorem 2, this implies that the system
of differential equations (III) the second equation of which is the restriction of the
differential equation (VI) to the subspace K"~ "(t) is a decomposition of the differential
equation (I). This proves that relations (VIII) - (X) yield the equivalence of the differential
equations (I) and (VI).

Note that, for m = 2n, conditions (VIII)-(X) are simplified because, in this case,
F(t) and K (t) are the identity matrices. In this case, these conditions take the form

L(M(t),Q(t)) = 0,

dd,(t)

P(t) = < o +<1>1(t)Q(t)> O} (1) = (dq’z(t)

dt

N %(t)@(t)) a5 (1)

for any t € R.
Also note that the equivalence of the differential equations (I) and (VI) means that
the relations

Y ()2 (0) = f ()X (1),  Y(5)25(0) =5 ()F(H)X(H)F*(0) (3.15)
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for the fundamental matrices of solutions of Egs. (I) and (VI) Y (¢) and X (¢), as well as
the other relations that can be obtained from (3.15) by the corresponding transformations,
are true.

4. Addition to the Floquet—Lyapunov theory. Consider the linear differential

equation
dx
— = P(t |
where x € R™, P(t) € M,,(R), and P(t) is a continuous periodic matrix with period 7.
According to the well-known Floquet theorem [5], the fundamental matrix of

solutions of Eq. (I) X (¢), X(0) = E, can be represented in the form
X(t) = ®(t)ellt, (I1)

where ®(t) is a matrix periodic in ¢ with period T, and H is the constant matrix defined
by the monodromy matrix X (T") of Eq. (I) according to the formula

1
H = ZInX(T). (111

The logarithm is a multivalued function whose real value does not always exist. Thus,
relation (I) with matrix (III) such that

H e M, (R) (Iv)

is not always true. According to the theory of matrices [ 6 ], condition (IV) is satisfied
if and only if every elementary divisor corresponding to the negative eigenvalues of
the matrix X (7) is repeated an even number of times. Thus, only in this case does
equality (II) hold with matrices ®(¢) and H from the space of real matrices M, (R).

In the case where condition (IV) cannot be satisfied, the Floquet representation (II)
exists only with matrices ®(¢) and H from the space M,,(C), where C is the plane of
complex numbers, or this representation transforms into equality (II) with real matrices
®(t) and H, the first of which is periodic with period 27" and the second is defined by
the relation

1
H = —InX(2T). (V)

The Floquet representation (II) with matrix (V) is a consequence of the presence of
negative eigenvalues of the monodromy matrix of Eq. (I).

We consider in detail the differential equation (I) whose monodromy matrix possesses
this property and prove several previously unknown statements for this equation.

Theorem 3. Suppose that the coefficient matrix of the differential equation (I)
P(t) belongs to M,,(R) for any t € R and is continuous on R and periodic in t with
period T.

Then the following assertions are true:

1. The algebraic number p of negative eigenvalues of the monodromy matrix X (T)
of Eq. (1) is even.

2. Equality (I1) holds for the matrix

= %ln(X(T)I), (V1)

where I is the real matrix defined by the conditions
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I’ =F, In(X(T)I) € M,,(R),

and for the periodic matrix ®(t) such that

O(t+T) = D(t) 1, O(t+T)I; =—(t) 12 (VID)
forallt € R, where
E+1 E-1
I = i, Ih=——.
2 2

3. There exists a nonsingular matrix (U(t), V(t)) continuously differentiable and
real for all t € R, periodic with period T, and such that the change of variables

r=U(t)z1 + V()22
reduces the differential equation (1) to the system of differential equations

% = lel, % = G(t)ZQ, (VHI)
where Hy is a constant matrix, G(t) is a periodic matrix with period T, and the set
of eigenvalues of the monodromy matrix Zs(T) of the second equation of the system is
either the set of all negative eigenvalues of the matrix X (T') or its subset.

To prove the theorem, we use the representation of the matrix X (7°) in terms of its
Jordan form J(\), namely
X(T)=8SJ(\)S™H,

and obtain the equality

n

det X(T) = [ Mo (4.1
v=1
which associates the determinant of the matrix X (7") with its eigenvalues A\, v = 1, n.
‘We now use the Liouville — Ostrogradskii — Jacobi formula and represent the determinant
of the matrix X (T") in terms of the trace of the coefficient matrix of Eq. (I):

det X(T') = exp {tr P(¢t)dt} . 4.2)

Equating the right-hand sides of relations (4.1) and (4.2), we obtain an equality that
proves that

ﬁ A, > 0. (4.3)
v=1

Since each pair of complex conjugate eigenvalues of the matrix X (7") in the product
of all its eigenvalues gives a positive number, it follows from relation (4.3) that the
product of all negative eigenvalues of the matrix X (T") also gives a positive number.
Thus, the algebraic number of negative eigenvalues of the matrix X (T), i.e., the sum of
multiplicities of the roots of characteristic equations for all different negative eigenvalues
of the matrix X (7'), is an even number.

Prior to the proof of assertion 2 of Theorem 3, note that, in the case where the
logarithm of the matrix X (T") is real, by setting [ = E one can reduce equalities (II) and
(VD) to the Floquet relations (II) and (III) with a matrix ®(7") that possesses properties
that follow from these relations and are indicated in assertion 2 of Theorem 3.
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It remains to consider the case where the matrix X (7) has negative eigenvalues and
does not have a real logarithm. In this case, the real canonical form of the matrix X (7")
can be represented in the form of decomposition into two blocks A and B, where A
either is empty or has a real logarithm, and B has only negative eigenvalues and does
not have a real logarithm.

Let B € My(R), where

n>d.
Then the following equality is true:
X(T) = S(A O)Sl, (4.4)
0 B

where S, A, and B are real matrices with properties indicated above for A and B.
We set
Y(t)=S"'X(t)S, B, =-B. 4.5)

According to properties of the fundamental matrix of solutions of Eq. (I), we have
Xt+T)=X1t)X(T). (4.6)
Therefore, it follows from (4.4), (4.5), and (4.6) that

Y(t4kT) =S ' X)) XH(T)S = S71X(t)SS~ X*(T)S =

Y A ! Y A ! 4.7
= t = t .
Oy 5 YO0 e @4.7)
for any integer k.

We represent Y (¢) in the block form
Y(t) = (Ya(t), Ya(t)) (4.8)

consistent with decomposition (4.4) of the matrix X (7") into the blocks A and B. Using
relations (4.7), we get

Yi(t+kT) =Yi(H)A*,  Yo(t+kT) = (—1)*Ya(t) BY (4.9)

for any integer k.

Since the eigenvalues of the matrix B; are positive by virtue of the definition (4.5)
of this matrix, both matrices A and B; have real logarithms In A and In B;.

In view of the arguments presented above, relation (4.9) yields

Yi(t) = Vi (t - m T+ m T) _— (t - m T> A7) —
(= [ ) oo {([£] 7o) B oo {fma). o
Ya(t) = Y2 (t - [;] T + {H T> =Yy (t— [t/T)T) (=)W TIBI/T] =
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oo )on{ () 2 e )

for all ¢ € R; here, [¢] denotes the integer part of the number ¢.

. t t
Let ®4(¢) and P2 (t) denote the coefficients of exp T In A and exp T In By

in relations (4.10) and (4.11), respectively. Then, using (4.8), (4.10), and (4.11), we
obtain

t
exp { T In A} 0
0 exp { T In By }
for all ¢ € R. This equality implies that the matrices ®1(¢) and ®5(¢) are continuously
differentiable on R. Furthermore, it follows from the introduced notation that the matrix

®,(t) is periodic with period 7', and the matrix ®5(t), which is the product of the
function (—1)[/71 and a periodic matrix with period T, satisfies the condition

Dot +T) = —Do(t)

ol 0
0  —B)

where E; and Es are the identity matrices from M,,_4(R) and My (R), respectively.

Then
A 0
Y(T)Iy =
0 By

and relation (4.12) takes the form

for all t € R.
Let Iy denote the matrix

Y (t) = (@1(t), (1)) exp {;ln(Y(T)IO)}. (4.13)
Using (4.13) and the first equality in (4.5), we obtain
X(t) = S(@1(t), ®2(2)) S ' exp {;S(ln(Y(T)IO))Sl} : (4.14)
Since

S(In(Y (T)1o))S™" = Wn(SY/(T)S™'SIpS™") = In(X(T)I),

where
I=SI,57!, (4.15)

relation (4.14) takes the form of the required representation (II) under the condition that

1
H = (X (T)]),

Taking (4.15) into account, we get
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E; 0 0 0
I’=E, L =85 S1 I,=5S S,
0 0 0 FEo

where F; and F are the identity matrices of the corresponding orders.
Using the expressions for /; and I3, we obtain

d(t), = S(®4(t),0)S7, d(t)I, = S(0, Pa(t))S™* (4.16)

for all ¢ € R. In view of properties of the matrices ®;(t) and Py(t), relation (4.16)
yields
D(t+T)L =D)L,  St+T)=—dt),

for all ¢ € R, which completes the proof of assertion 2 of Theorem 3 in the case
considered.
Let d = n. In this case, we obtain the equality

X(T)=SBS™!
instead of (4.4), the equality
Y (t+kT) = (~1)*Y (t)BY

instead of (4.7), and the equality

t
Y (t) = ®a(t) exp {T In Bl}
and condition
Do(t+T) = —Do(t)

for all ¢ € R instead of (4.12).
We set
Iy =—-E.

Using the last two formulas, we obtain equality (II) of the form

Y(6) = w0 exp { (v (0) |
where

H=_In(-X(T)), HeM,R,

O(t) = SPy(t)S™H, O(t+T) = —d(t), (t) € M, R,

for all t € R, which completes the proof of assertion 2 of Theorem 3.

We now pass to the proof of assertion 3 of Theorem 3. In this assertion, we separate
two limiting cases, namely, the case where the matrix X (¢) has a real logarithm and the
second case where all eigenvalues of the matrix X (¢) are negative and their elementary
divisors are different.

In the first case, assertion 3 of Theorem 3 follows from the Floquet relations (II) and
(ITI), according to which the change of variables
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x=®(t)z
reduces the differential equation (I) to the differential equation

dz
R &
at

and guarantees the properties of the matrices H and ®(t) indicated in Theorem 3.
In the second case, assertion 3 of Theorem 3 is trivial: the change of variables

r =2z

reduces the differential equation (I) to a differential equation with the same coefficient

matrix: y

z
— = P(t)z.
g (t)z

Associating these limiting cases with the representation of the matrix X (T") via its
real canonical form (4.4), we establish that the first case corresponds to

X(T)=SAS™!
and the second case corresponds to
X(T)=SBS™*.
Thus, the only nonlimiting case in assertion 3 of Theorem 3 is the case where
A eM,_q(R), BeMyR), n>d>1.

Assume that these conditions are satisfied. Then it follows from the proof of assertion 2
of Theorem 3 that the matrix Y (¢) associated with the matrix X (¢) by relation (4.5) has
the form (4.12). Denoting

_ o _ M _ hlBl
U(t) = D1(¢), V(t) = ®a(t), H, = T Hy = T
we represent (4.12) in the form
eflt 0
Y(t)=(U),V()) ( 0 6H2t>' 4.17)
It follows from (4.17) that
E1 eH1t
Y@l )=wm.ve | ) =Umen (4.18)

where F; is the identity matrix of order n — d.
Differentiating equality (4.18) with regard for the first relation in (4.5), we get

E,
STLP(t)SY (1) ( o

. ) = STIP(t)SU(t)et = ) e + U(t)H e,

Thus,
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d[fi—it) +U(t)H, = ST'P(t)SU(t) (4.19)
for all t € R.

The matrix Y (¢) is the fundamental matrix of solutions of the differential equation

d

Y 5-1p(t)Sy. (4.20)

dt
Let W(t) € M,,4(R) for all t € R and let this matrix be continuously differentiable

on R, periodic with period 7', and such that

det (U(t),W(t)) #0

forall t € R.
The existence of this matrix follows from the theorem on a quasiperiodic basis in
R™ presented in [ 7].
In the differential equation (4.20), we perform the change of variables according to
the formula
y=U(t)yr +W(t)ya. (4.21)

Using equality (4.19), we obtain the differential equation

U(t) <d§’t1 - H1y1> + W(t)% - (Slp(t)sw(t) 3 dIZt(t)> ”.

Solving this equation with the use of the matrix

Ly(t)
(4.22)
Lo(t)
that is inverse to the matrix (U (t), W (¢)), we obtain the following system of differential
equations for a and @:
dt dt
d AW (¢
% = Hiyi + Ly (t) (S—lp(t)SW(t) — d; ) >y2, (4.23)
W2 _ Lo (s—lp(t)svv(t) - d”(;t(“>y2. (4.24)

Since the coefficient matrix of system (4.23), (4.24) has a block-triangular form, the
fundamental matrix of solutions of this system is the matrix

BHlt Y1 (t)
(4.25)

0 Ya(t)
the second column of which is formed by solutions of the system of differential
equations (4.23), (4.24) with given initial values y; = Y7(0) and y2 = Y3(0) such

that
det YQ(O) 75 0.

In view of (4.21), the matrix
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et Yi (t))

(U(t), W(t) < 0
2

is a fundamental matrix of solutions of Eq. (4.20). Moreover, relation (4.17) also determi-
nes a fundamental matrix of solutions of Eq. (4.20). According to the theory of linear
differential equations, there exists the following relation between these two fundamental
matrices of solutions:

et 0

- (4.26)

(U®), V(1) (

€H1t Y1<t)
) C= (U, W) ( )

0 Ya(t)

for all t € R, where C' is a nonsingular constant matrix. Substituting ¢ = 0 into (4.26),
we obtain the following algebraic equation for the determination of the matrix C"

wonvone = wowoy (5 1), “27)

o [ L1(0) .
Multiplying (4.27) by the matrix Lo(0) , we obtain
0

Ei  Li(0)V(0) o E; Y1(0)
(o L2(0>V<0)> _<0 Y2<0>>'

This equality implies that, first,

[ V)

det (L2(0),V(0)) #0

and, second, for

Y1(0) = L1 (0)V(0),  Y2(0) = L2(0)V(0), (4.28)
we have
C=F. (4.29)
. . Yi(t) . . .
Thus, determining the solutions Ya(t) of the system of differential equations (4.23),
2(t

(4.24) with initial values (4.28), we obtain the following equality from (4.26) and (4.29):

(U(), V(D)) (eHlt ) ) — (U)W (1) (eHlt Yl(t)) 430)
0 efl2t 0 Ya(t)
for all t € R.
Multiplying (4.30) by matrix (4.22), we get
Er  Lit)V(#) (et 0 efit v (t)
( 0 Lz<t>v<t>> ( 0 H) B ( 0 Yzos))'
Thus,
Yi(t) = Li(t)V (t)el2?, (4.31)
Ya(t) = La(t)V (t)eH2! (4.32)
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for all ¢ € R. Since the matrix Y»(#) is nonsingular, we can determine the value of e/72?

from (4.32). Substituting this value into (4.31), we establish that
Yi(t) = Li(t)V ()(L2(t)V (1)) " Ya(t) (4.33)

forall t € R.
We rewrite the system of differential equations (4.23), (4.24) in the form of the
system

d
= Hiyi + Ra(t)pe, (4.34)
dys
= G(t 4.35

where

Using the matrix
F(t) = i)V () (L2()V (1), (4.36)

we rewrite equality (4.33) in the form
Yi(t) = F(t)Ya(t). 437)

Y1 (t)

Ya(t)
of the fundamental matrix (4.25) of solutions of the system of differential equations
(4.23), (4.24) [and, hence, of system (4.34), (4.35)], we get

Differentiating equality (4.37) and taking into account that the matrix ( ) is a block

%it) + F(t)G(t) = HiF(t) + Ry (¢) (4.38)

for all ¢t € R. Finally, performing the change of variables
Y1 =21+ F(t)22, Y2 = 22,

we obtain the system

da(t) , dF()

at 0t 29 + F(t)G(t)Zz =Hyz1 + HlF(t)ZQ + Rl(t)ZQ,

dZQ (t)
dt

= G(t)ZQ

instead of the system differential equations (4.34), (4.35). By virtue of (4.38), this system

takes the form
d2’1 (t)

dt

dZQ (t)
dt

= lel, = G(t)ZQ (439)
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Since the second equation of system (4.39) coincides (to within notation) with Eq. (4.35),
the matrix Y>(¢) is a fundamental matrix of solutions of the second equation of sys-
tem (4.39). Then, according to relation (4.32), the matrix

La(t)V ()" (L2(0)V (0)) ™"

is a fundamental matrix of solutions of the second equation of system (4.39) and is equal
to the identity matrix for ¢ = 0. Thus, the matrix

(Lo(T)V(T))e™>" (L, (0)V(0)) " (4.40)

is the monodromy matrix of the second equation of system (4.39).
By definition, the matrix Lo(t) is periodic with period T, the matrix V' (¢) satisfies
the condition

Vit+T)=-V(), (4.41)
and the matrix H> has the form
1
H2 = T 1n(—B)

Taking into account the properties of the matrices Lo (t), V (¢), and Hs presented above,
we conclude that matrix (4.40) has the form

(=L2(0)V(0) (= B)(L2(0)V(0) ™" = L2(0)V (0) B(L2(0)V'(0) ™.

Thus, it follows from the results presented above and the definition of the matrix B that
the set of eigenvalues of matrix (4.40) is either the set of all negative eigenvalues of the
matrix X (T) or its subset.

Consider the matrix F'(t). The definition of this matrix [see (4.36)] and the fact that
the matrices L1 (¢) and Ly(t) are periodic with period T and the matrix V' (¢) satisfies
condition (4.41) imply that

F(t+T) = (~Li(t)V(1))(~L2()V (1)) ™" = F(1)

for all t € R.
Thus, the matrix F'(t) is periodic with period T
To complete the proof of assertion 3 of Theorem 3, it remains to take into account
that the change of variables
x =Sy (4.42)

transforms the differential equation (I) into the differential equation (4.20). Therefore, the
superposition of changes (4.42), (4.21), and (4.20) transforms the differential equation (I)
into the system of differential equations (4.39), and both the change of variables and
the differential equations of system (4.39) themselves possess the properties indicated in
Theorem 3.

We now make several remarks on assertions 2 and 3 of Theorem 3.

The first remark deals with relation (VI), which defines the matrix H. It follows
from the proof of Theorem 3 that H is not always uniquely defined. This nonuniqueness
is caused by the condition of decomposition of the canonical form of the matrix X (7")
into blocks A and B according to which the matrix B can be either a block of the
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Jordan form of the matrix X (7") formed by all its Jordan cells corresponding to its
negative eigenvalues or a block of this form obtained from the block indicated above by
elimination of an arbitrary number of pairs of identical Jordan cells.

The second remark deals with the minimum possible value of the order of the second
differential equation of system (VIII). It follows from the proof of Theorem 3 that this
order is also related to the condition of decomposition of the real canonical form of
the matrix X (7') into blocks A and B and is equal to the minimum possible order of
the matrix B of this decomposition. It follows from the first remark that the minimum
possible value of the order of the second equation of system (VIII) is equal to the
order of the matrix obtained from the Jordan form of the matrix X (7) by elimination
of all Jordan cells corresponding to negative eigenvalues of the matrix X (7') and the
maximum possible even number of identical Jordan cells of this matrix that correspond
to its negative eigenvalues.

Also note that, according to the proof of Theorem 3, the matrix B is the Jordan form
of the monodromy matrix Z5(T') of the second equation of system (VIII), and, hence, the
fundamental matrix of solutions Z5(t) of this equation possesses all the corresponding
properties.

Finally, note that, by virtue of Theorem 2 and assertion 3 of Theorem 3, the
differential equation (I) has the invariant manifolds

K"ty = {z e R": U(t)Li(t)x =z},
K4t) = {z e R": V(t)Ls(t)x = z}
periodic with period 7,
K'(t+T)=K"(t), ve{ln—d)vd,

for all t € R. Moreover, Eq. (I) is equivalent on K"~ 4(¢) to the first differential equation
of system (VIII) and on K%(t) to the second differential equation of this system.

Corollary. The fundamental matrix of solutions of the differential equation (1) X (t)
admits the representation

X (t) = o(t)eH ' D1 (0), (IX)
where (
1 X(T) 0
H =~ ( ) Z(T)>7 (X)

H € M,,(R), Z(T) is the monodromy matrix of the restriction of (1) to its periodic
invariant manifold K%(t), ®(t) is a periodic matrix with period T that satisfies the

equation

Z—‘f +®H = P(t)®, (XI)

D(t) € M, (R) for all t € R, ®1(0) is a matrix pseudoinverse to the matrix ®(0),
andm=n+d,n>d>0.

Indeed, according to the last remark, the differential equation (I) has the periodic
invariant manifold K %(¢) on which Eq. (I) is equivalent to the second differential equation
of system (VIII). Consider the system of differential equations
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dx dz

which is formed of Eq.(I) and the second equation of system (VIII). According to the
proof of assertion 3 of Theorem 3, the real canonical form of the monodromy matrix of

this system
(X(T) 0 >
(4.44)

0 Z(T)

is the matrix

A 0 0
o B 0], (4.45)
0 0 B

where A and B are the blocks of decomposition of the real canonical form of the matrix
X (T) such that the matrix A has a real logarithm. Since the matrix

B 0

0 B
is formed by pairwise identical Jordan cells, it has a real logarithm. Thus, the logarithm
of matrix (4.45) can be chosen real. Therefore, we can choose the real logarithm of
matrix (4.44) and define the matrix H according to relation (X) so that it satisfies

the condition H € M, 4(R), where d is the order of the matrix B. Applying the
Floquet formula (IT) to the fundamental matrix of solutions of the system of differential

equations (4.43)
X(t) 0
o z®)

X(t) 0\ [®ut) it 446
0 z)) \®@)) '

where H is matrix (X) from the space M,,14(R), ®1(¢) and ®5(t) are periodic matrices
with period 7, and ®(t) € M, p4+4(R) and P2(¢t) € Mg,1q(R) for all ¢ € R.
Differentiating equality (4.46), we obtain the following matrix differential equation for

the matrix ®(t) = <¢)1(t>>:

By (t)
dd P(t) 0

we obtain

This equation implies that the matrix @4 (¢) satisfies the differential equation (XI). Finally,
multiplying equality (4.46) by the matrix <I>1+(0)7 which is pseudoinverse to the matrix
®,(0), we obtain the equality

X(t) = @1 (t)e' @7 (0),

which coincides (to within notation) with (IX).
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5. Two applications of obtained results. 5.1. Letxz € R", let P(t) be a continuous
matrix periodic with period T, let P(t) € M, (R) for all t € R, and let X (¢, z) be a
function of variables ¢ € R and x € R" that takes values in R™ and is continuous for all
teRand z € R".

Consider the differential equation

dzx
T = P(t)x + X(t, ). (5.1)
Let

X(t,z) =0.

Then the differential equation (5.1) has a fundamental matrix of solutions X (¢), which
can be represented in the form

X(t) = o(t)e" ' d(0), (5.2)

and, moreover, the properties of the matrices ®(¢) and H are determined in the corollary
in the last section.

To simplify the differential equation (5.1), we use relation (5.2). To this end, we
change the variables in (5.1) by introducing a variable y € R™ instead of z € R"
according to the relation

x = ®(t)y. (5.3)

Taking into account that the matrix ®(¢) is a solution of the differential equation (XI),
we obtain the following equality from (5.1) and (5.3):

dy
20 - ) = X(t.%(00)
We represent this equality in the form

d

== Hy = & ()X (L. D(t)y), (5.4)
where @ () is a matrix pseudoinverse to ®(t) that has the same smoothness and period
as ®(t). In particular, as @ (t), we can take the first block of the matrix (@ (¢), 3 (¢)),

D4 (1)

which is inverse to the matrix ( ) defined by relation (4.46) of the previous section.

Dy (t)

. . d
Solving Eq. (5.4) with respect to diz{ — Hy, we get

d
di; = Hy+ ot (O X (L, (t)y). (5.5)
The selected linear part of Eq.(5.5) has a constant coefficient matrix, and the general
part preserves the properties of the corresponding part of the original equation (5.1).

5.2.  Consider the differential equation

dx

where X (z) is a continuously differentiable function of x and X, (¢, z) is a continuous
function of ¢ and z that takes values in R™ forall t € R and x € R", n > 2.
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Assume that, under the condition
Xl(tax) = 07 (57)
Eq. (5.6) has a T-periodic solution

z(t) = {(wt), (5.8)

2
where £(¢p) is a function periodic in ¢ with period 27 and w = % is the frequency of
the periodic solution.
The variational equation corresponding to the periodic solution (5.8) of the differential
equation (5.6) with condition (5.7) has the form
dog _ 90X (§(wt))

i (5-9)

This equation has the solution

§¢ = &' (wt),
stands for the derivative with respect to the variable .
Indeed, by definition, we have

/9

where

£ (pw = X(§(0))- (5.10)
Thus,
0X
¢'(pp = E o) (5.11)
for all ¢ € R. Substituting wt for ¢ in (5.11), we obtain the identity
d g 0X(E(wt))
%f (wt) = Tf (wi),

which proves the required statement.
Let B(¢p) be a continuously differentiable periodic matrix with period 27, let B(p) €
€M, ,—1(R), and let

det (¢'(¢), B(p)) #0

for all ¢ € R.
Using the change of variables

§¢ = & (wt)c + B(wt)g, (5.12)
we reduce the variational equation (5.9) to the differential equation

dg _ OX(g(w)
dt ox

de

dt
or, with regard for (5.11), to the equation

90X (§(wt))
or

&' (wt)we + € (wt)— + B’ (wt)wg + B(wt) (& (wt)e + B(wt)g),

dg

f’(wt)% + B(wt)a = < B(wt) — B '(wt)w) g.

d d
Solving this equation with respect to the derivatives d—j and d—i with the use of the

matrix
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"(wit))t
(ii@jz) ) 19

which is inverse to (£'(wt), B(wt)), we reduce (5.9) to the system of differential
equations

i = € (PG B et

(5.14)

% = BT (wt) (ax(ggm))B(wt) - B ’(wt)w)g.

According to the change of variables (5.12), the monodromy matrix of the system
of differential equations (5.14) is similar to the monodromy matrix of the variational
equation (5.9). Thus, the eigenvalues of both monodromy matrices coincide.

It follows from system (5.14) that one of the eigenvalues of its monodromy matrix
is equal to 1, whereas the other eigenvalues are eigenvalues of the monodromy matrix
of the second differential equation of system (5.14). Thus, the same is true for the
eigenvalues of the monodromy matrix of the variational equation (5.9).

We denote the coefficient matrix of the second differential equation of system (5.14)
by Q(wt), where Q(y) is a periodic matrix with period 27, and consider the differential

equation

dg

— = t)g. 5.15

o = Qwtly (5.15)
By virtue of the corollary in the previous section, the fundamental matrix of solutions
of Eq. (5.15) G(t) admits the representation

G(t) = ®(wt)e'dT(0), (5.16)

where
H=11 I ! M,, (R 5.17
7'\ 0 zm)° ~(®) G0

2(n —1) > m > (n—1), Z(t) is the fundamental matrix of the restriction of the
differential equation (5.15) to its periodic invariant manifold K™~ (=1 (t), ®(y) is a
periodic matrix with period 27, ®(p) € M,,_1,,(R) for all ¢ € R, ®(y) satisfies the

differential equation

dd
%w+@H= Qp)®, (5.18)

and ®*(0) is a matrix pseudoinverse to ®(0).
We now use the results obtained above for the introduction of amplitude —phase
coordinates in the neighborhood of the closed curve

z=¢(p), ¢€ER, (5.19)

and for the reduction of the differential equation (5.6) in the neighborhood of this curve
to a simpler amplitude — phase system of differential equations.
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To this end, we change the variables in Eq. (5.6) according to the relation

r=¢&(p) + Blp)g, (5.20)

where B(¢p) is the matrix defined above.
Using equality (5.10), we obtain the following differential equation instead of (5.6):

dg

€@+ B @) (5 o) + Bl -

= X(&(p) + B(p)g) — X(&(p)) — B'(p)wg + X1 (t,£(p) + B(p)g)- (5.21)

d d
We solve Eq. (5.21) with respect to d—(f — w and d—i by using the matrix
Ll (507 g)
( (5.22)
La(p, 9)

that is inverse to (&'(v) + B'(v)g, B(¥)).
Choosing a sufficiently small 6 > 0, one can easily construct matrix (5.22) for all

peR, gl <9,
on the basis of matrix (5.13) by setting
(Llw, o>> B ((5’(@)*)
La(¢,0))  \ B*(e) )
Using (5.21), we obtain the system of differential equations

92 =+ L, ) [X(6(9) + Blo)g) — X(6(0)) + Xi(1,E(0) + Blg)g)], (523

9 _ L. 9)[X(6(0) + Ble)g) - X(E() + Xi(1.6(0) + Bl (524)

We rewrite the differential equation (5.24) in the form

dg _ X (£(¢))

i () p B(p)g + G(p,g) + La(p, 9) X1(t, E() + B(w)g), (5.25)

where G(ip, g) denotes the function

Lol 9) (X (E(9) + B()g) — X () ~ Sl iy 4
+ (La(pr9) — Lol 0) XS g
which satisfies the conditions
Glp0) =0, 2E@0 4
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According to the definition of the matrix Q(wt), the coefficient matrix of the selected
linear part of the differential equation (5.25) coincides with the matrix Q(p). Thus,
Eq. (5.25) takes the form

dg

i ()g + G(p,g) + La(w, 9) X1(t,£(9) + B(p)g)- (5.26)

Let ®(p) and H be the matrices determined from representation (5.16) of a fundamental
matrix of solutions of the differential equation (5.15). With the use of these matrices, we
transform the system of differential equations (5.23), (5.24) by setting

g=o(p)h. (5.27)

As a result, instead of (5.26), we obtain

¥ (e + 0lp) (G — HL) + T = QIR+ Gl D)) +

+ La(p, ®(p)h) X1(t, () + Blp)@(p)h),

or, taking into account that ®(¢) is a solution of the differential equation (5.18),

#(¢) (G = HI) = Glo D)+ Lol M) Xi (0.6(0) + BB (528

dh
Solving Eq. (5.28) with respect to pri Hh with the use of the matrix ®* () that is

pseudoinverse to ®(p), we obtain

dh

& = Hh+27(9) [G(p, ®(0)h) + La(ip, 2(9)) X1 (1, £ () + B(9)2(0))].

By virtue of the results presented above, the change of variables (5.27) reduces the
system of differential equations (5.23), (5.24) to the system

d
=t flte, 2(e)h), (5.29)

% — Hh + () F(t, ¢, B(0)h), (5.30)

where H is a matrix of the form (5.17),

f(t,0,9) = Li(p, 9) [ X (E(p) + Blp)g) — X (&(9)) + X1(t,£(9) + Blp)g)],

and

E(t,¢,9) = Lo, 9) | X (E(#) + Blp)g) — X(§(¢) — —

X (£(9)

+ (L2(p, 9) — La(p, 0)) o

B(p)g.

The system of differential equations (5.29), (5.30) is the required one.
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Thus, by using the superposition of changes (5.20) and (5.27), and, hence, the change
of variables

z=¢(p) + B(p)2(p)h,

the original differential equation (5.6) can be reduced in the neighborhood of the closed
curve (5.19) to the system of differential equations (5.29), (5.30), where the functions
f(t, ¢, g) and F(t, ¢, g) are continuous in the variables ¢, ¢, and g fort € R, p € R,
and g € R" 1, ||g|| < 4, take values in R and R"~?, respectively, and are periodic in ¢
with period 27, the matrix ®(y) belongs to M,,_1 ,,(R) for all ¢ € R and is periodic
with period 27, the matrix H belongs to M, (R), its eigenvalues are the numbers

1 -
?m/\j, j=1n—-1,

and their p-fold repetitions, 1 > p,; > 0, Z;:ll pj=m-—(n-1), 2(n—1)>m>
>(n—1),and 1 and Aq, ..., \,_1 are the eigenvalues of the monodromy matrix of the
variational equation (5.9).

The reduction of the differential equations considered above to equations with the
constant matrix of coefficients in their separated linear part is essential for the subsequent
investigation of these equations. A confirmation of this statement can be found, e.g., in
[4, 8], where, however, the problem of this reduction was only partially solved.
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