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GLOBAL BOUNDEDNESS AND STABILITY OF SOLUTIONS
OF NONAUTONOMOUS DEGENERATE DIFFERENTIAL
EQUATIONS

MARIA S. FILIPKOVSKA (FILIPKOVSKAYA)

Abstract. For nonautonomous (time-varying) degenerate differential
equations, which are also called nonautonomous differential-algebraic
equations, conditions of the Lagrange stability and instability, the Lya-
punov stability and instability, ultimate boundedness and asymptotic
stability, including conditions of asymptotic stability in the large (or
complete stability) are obtained. Note that the Lagrange stability of
the equation (as well as the ultimate boundedness) guarantees its global
solvability for all consistent initial values and the boundedness (the ulti-
mate boundedness) of all its solutions. The Lagrange instability enable
to identify solutions with a finite escape time, i.e., the solutions blowing
up in finite time.

1. Introduction

In the present work, nonautonomous degenerate differential equations of the
form

%[A(t)ff(t)] + B)z(t) = f(t,x(t)), (L.1)

where f: [t4,00) x R" — R", t; > 0, and A, B: [t+,00) — L(R"™) are studied.
We do not require the operator A(t) to be nondegenerate (invertible). Thus, in
the general case, the operator A(t) is degenerate and therefore the differential
equation (DE) (1.1) is called degenerate. It is also called a semilinear (sometimes
quasilinear) differential-algebraic equation (DAFE). Equations of the type (1.1)
with time-varying operator A(t) are called time-varying or nonautonomous. Note
that the operator B(t) can also be degenerate.
The initial condition is given by

HJ(to) = X0 (t() 2 t+). (1.2)
The initial point (¢, o) must satisfy a consistency condition which will be given
below (see Remark 2.1).

A function = € C([to,t1),R"™) is said to be a solution of the equation (1.1) on
[to,t1) ([to,t1) C [t4,00)) if the function A(t)x(t) is continuously differentiable on
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[to,t1) and =(t) satisfies (1.1) on [to, t1). If the function x(t) additionally satisfies
the initial condition (1.2), then it is called a solution of the initial value problem
(the Cauchy problem) (1.1), (1.2). If we consider the equation

A(t) s (t) + B(t)(t) = 7(t,2(1) (13
instead of (1.1), then its solution has to be smoother, namely, a function = €
Cl([to, t1), R™) satisfying (1.3) on [tg, 1) is called a solution of the equation (1.3)
on [to,t1). If z(t) additionally satisfies (1.2), then it is called a solution of the
initial value problem (1.3), (1.2).

Degenerate DEs or DAEs of type (1.1) describe various dynamical systems
which are nonlinear and may have nonlinear algebraic (functional) relationships
between the coordinates of variables and relationships between these variables and
external influences. These equations are used to describe mathematical models
in control theory (where they are called descriptor equations), radio electronics,
robotics, economics, ecology and chemical kinetics (see, e.g., 26, 3, 2, 15, 19, 4,
14, 28|). Due to a wide range of applications, degenerate DEs (DAEs, algebraic-
differential systems, descriptor equations) have been studied by many authors.
The local solvability was studied, e.g., in the monographs |26, 2, 3, 15, 19, 14] (also,
see references therein), where various approaches to the study of such equations
are presented. In [3, 15, 19], the Lyapunov stability of the equilibrium position was
also studied. The Lyapunov stability of the zero solution of an nonautonomous
semilinear DAE under certain simplifications of the nonlinear function in the
equation was considered in [25]. The global solvability of semilinear DAEs was
studied in |11, 26, 3, 15].

The references cited, except for [26] and, in part, [15]|, concern the study of
degenerate DEs in finite-dimensional spaces. It is worth noting that degenerate
DEs of the type (1.1), (1.3) in infinite-dimensional spaces (operator-differential
equations, implicit evolution equations, abstract DAEs) are important for the
study of partial differential equations (PDEs), since any type of a PDE can be
represented as a degenerate DE and, possibly, a complementary boundary condi-
tion (see, e.g., [26, 24, 27]). Degenerate parabolic and elliptic-parabolic equations
were considered in [10, 26, 24, 27|, and in [26] degenerate hyperbolic equations
were also considered.

The conditions of global solvability (including the uniqueness of global solu-
tions) for autonomous degenerate DEs of the form (1.1) (A, B are time-invariant)
were obtained by the author in [6] and, together with A.G. Rutkas, in [21] in
the case of the regular characteristic pencil AA + B, and in [9] in the case of the
nonregular (singular) characteristic pencil. The conditions of Lagrange stability
for autonomous degenerate DEs of the form (1.1) were obtained by the author in
[8, 9]. In [7], two combined numerical methods were presented and it was verified
that the results of applying the theorems from [8] were consistent with the results
of numerical experiments. In the present paper, the nonautonomous degenerate
DEs (1.1) and (1.3) with characteristic pencils regular for every ¢ are studied.

The following notation is used in the paper: Ix is the identity operator in X;
rk A is the rank of the operator A; Ker A is the kernel (the null-space) of the
operator A; R(A) is the range (the image) of the operator A; d;; is the Kronecker
delta.
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2. Preliminaries and basic definitions

The definitions and facts presented in this section will be used hereinafter.

The spectral projectors of the type of the Riesz projectors. Let for each
t > t4 the operator pencil AA(t) + B(t) be regular (A is a complex parameter)
and let there exist functions Ci: [t4,00) — (0,00), Co: [t4,00) — (0,00) such
that for all t € [t;,00) the pencil resolvent R(\,t) = (AA(t) + B(t))~! satisfies
the constraint
IR O] < Cu(t),  [Al = Ca(t). (2.1)
The condition (2.1) means that either the point © = 0 is a simple pole of the
resolvent (A(t)+pB(t)) ™! (this is equivalent to the fact that A = oo is a removable
singular point of the resolvent R(\,t)), or 1 = 0 is a regular point of the pencil
A(t) + pB(t).
If the regular pencil satisfies (2.1), then for each t € [t4, 00) there exist the two
pairs of mutually complementary projectors [22], [26, Subsection 3.3] (Py(t) +

Py(t) = Ign, P;(t)Pj(t) = 0;5 P;(t); Q1(t) + Q2(t) = Irn, Qi(t)Q;(t) = 6i;Qi(t))

Pt =5r § ROONAD, Pat) = e — Pr(e)
[A=C=2(2)
) (2.2)
Q=5 ADRODD, Qult) = T - Qi(0)
[A|=C2(t)

which generate the direct decompositions of spaces
R™ = X1 (t)+Xa(t), X;(t) = Pj()R", R" = Y1()+Y2(t), Y;(t) = Q;(t)R" (2.3)

such that the pairs of subspaces X1(t), Yl( ) and X»(t), Ya(t) are invariant under
A(t), B(t) (ie., A(t), B(t): X;(t) — Y;(t), 7 = 1,2). The restricted operators
4508 = A0 X5(0) = Y0 By(D) = Blbly, o X500 = Y0), 5 =1,2
are such that As(t) =0, A7 () exists (if X1(t) # {0}), and By '(t) exists (if
Xo(t) #{0}). The subspaces Xi(t), Y;(t) are such that Yy (t) = R(A 1)) (R(A(t))
is the range A(t)), Xo(t) = Ker A(t), Ya(t) = B(t)X2(t) and X;(t) = R(X\, t)Y1(t),
|A| > C2(t). The projectors have the properties A(t)Pi(t) = Q1(t)A(t) = A(t),
A(t)Py(t) = Q2(t)A(t) = 0, B(t)P;(t) = Q;(t)B(t), 7 = 1,2, and are real, since
A(t), B(t) are real.

Using the spectral projectors, for each ¢t € [t;,00) we obtain the auxiliary
operator [22], [26, subsection 3.3]

G(t) = A(t) + B(t) 2 (t) = A(t) + Q2(8) B(t) € L(R") (2:4)
such that G( ): Xi(t) — Yi(t) (G@)X,(t) = Yj(t)), there exists
G'(t) = A LR")  (G7H(1): Y;(t) — X;(1),

() () 2 (DQa2(t) €
and G™'(t ) ( Jht) = G_l(t)A(t) = Pi(t), GTIO)BR() = Pb),
AMGTH Q1 (t) = AG(t) = Qu(t), B)G ' (1)Qa2(t) = Qa(t).

Note that the projection operator functions P;(t), Q;(t) and the operator func-
tions G(t), G~1(t) have the same degree of smoothness as the operator functions
A(t), B(t) and the function Cs(t) |26, subsection 3.3|. Suppose that the opera-
tor functions A(t), B(t) and the function C(t) are continuously differentiable on
[ty,00), ie., A, B € CY([ty,00), L(R")) and Cy € C([ty,c0),(0,00)), then the
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operator functions P;(t), Q;(t), G(t) and G~(t) are also continuously differen-
tiable on [t4,00).

With respect to the decomposition (2.3), for each ¢ any vector x € R™ can be
uniquely represented in the form

x=Pi(t)x+ Po(t)x = xp, (1) + xp, (t), xp,(t) = Pi(t)x € X;(2). (2.5)
Note that the equation (1.1) is equivalent to
APz ()] + A(O)[PL(t)z(t)] + B(t)x(t) = f(t,x(t)).

Applying the projectors Q1(t), Q2(t) to (1.1) and using their properties, we obtain
the equivalent system

A PL@)[Pr(0)x ()] +Qu () A" () Pr(t)x(t)+ B () Pr (t)x(t)=Q1 (t) f (£, (1)), (2.6)
Q2(t)A'(t) Pr(t)x(t) + B(t) Pa(t)x(t) = Q2(t) (¢, x(t) (2.7)

)-
Applying the operator G~1(t) to the system (2.6), (2.7) and using its properties,
we obtain the equivalent system

Pi()[PL(t)z(t)) + GTHOQ1(B)[A'(8) + BOIPL(t)z(t) = G~ (1) Q1(t) f (¢, x(t)),
Py(t)z(t) = G~H(6)Q2(1)[f (¢, z(t)) — A'(t) Pu(t)x(t)].

Taking into account the equality Py (¢)[P1(t)z(t)] = [Pi(t)x(t)] — P{(t)Pi(t)x(t),
the obtained sybtem can be rewritten as

[P1 = [PI(t) - GT QM)A () + B P () (t)+
( ) 1(6)f(t,2(t )) (2.8)
G~ ( JQ2(t)[f(t,2(t) — A'(t)Pr(t)x(t)] — Pa(t)x(t) = 0.

Thus, the degenerate DE (1.1) is reduced to the equivalent system (2.8). Using
the representation (2.5), we can write the system (2.8) in the form

zp, (1) = [PI(t) = GTHOQu)[A(t) + B(t)]]zp, () +
QU (t @, (1) + @y (1), (2.9)
G ) Q) [f (1, 2p, (1) + 2y (1)) — A (£)p, (1)] — 2o (1) = 0. (2.10)

The equation (1.3) is transformed analogously. Applying the projectors Q1(t),
Q2(t) to (1.3), we obtain the equivalent system

A(t)Pi(t)2'(t) + B(t)Pi(t)z(t) = Q1(t) f(t, 2(t)), (2.11)

B(t)Pa(t)z(t) = Qa(t) f (t, x(1)). (2.12)

Further, using G~!(¢), we transform the obtained system to the equivalent system

[PL()a()] = GHO[=BO) Pi(t)a(t) + Qu(t) f(t, z(1)] + Pi()z(1),
“HOQ2() f(t, () — Pa(t)a(t) = 0.

Thus, the degenerate DE (1.3) is reduced to the equivalent system (2.13). Using
the representation (2.5), we can write (2.13) in the form

2, (1) = GTH ) [=B (), (1) + Qu(t) f (£, 2p, (8) + 2, (1)) ]+
+ P{(t)(wpy (1) + 2, (1)), (2.14)
71@)@2 () f(t, wp, (B) + 2y (8)) — 2, () = 0. (2.15)

(2.13)
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From the foregoing, the remark follows:

Remark 2.1. Introduce the manifolds (the varieties)
Ly, = {(t,7) € [t4,00) xR" | Q2(t)[B(t)x + A'(t) Pr(t)x — f (¢, x)] = 0}, (2.16)
Ly, = {(t,2) € [ty,00) x R" | Qa(t)[B(t)x — f(t, )] = 0}. (2.17)

The consistency condition (to,x0) € Li, ((to,z0) € Et+) for the initial point
(to, o) is one of the necessary conditions for the existence of a solution of the
initial value problem (1.1), (1.2) (the initial value problem (1.3), (1.2)). The ini-
tial point (¢, zo) satisfying this condition is called consistent (the corresponding
initial values to, 2o are also called consistent).

The La Salle method for the continuation of solutions by using functions
of the Lyapunov type. First we give some classic definitions from [17]. Let D C
R™ be a region containing the origin. A function W € C(D,R) is called positive
definite if W(0) = 0 and W (z) > 0 for allx # 0. A function V' € C([t4,00)x D, R)
is called positive definite if V(¢,0) = 0 and there exists a positive definite scalar
function W(x) such that V(t,z) > W(x) for all x # 0, t € [t;,00). Suppose
that V (¢, z) has continuous first-order partial derivatives. The derivative of the
function V along the trajectories of the system (or the derivative of V' with respect
to the system)

¥ = f(t,r) (2.18)
is

oV oV
Visas)(t, ) = E(tﬁ) + ((%(t,x),f(t,x)> :

By extending the second method of Lyapunov, in [16] J. La Salle obtained
the theorems on the global solvability (solutions defined in the future) and also
the Lagrange stability and instability of the ordinary differential equation (ODE)
(2.18) (f:]0,00) x R™ — R"™), where differential inequalities of the form

v < x(t,v), t>0, and o' > x(tv), t>0, (2.19)

x € C([0,00) x (0,00),R), were used. To apply these results, it is usually
convenient to take x(t,v) = k(t)U(v), where k € C(]0,00),R) and U € C(0, c0)
(U € C((0,00),R) is a positive function). Then the inequalities (2.19) take the
form

U@)§Mﬂ,t20, (2.20)
Uv)_Mﬂ,tZO, (2.21)

o0

and the following statements are true [16]: if [ % = o0 (¢ = const > 0),
(&

then the inequality (2.20) has no positive solution v(t) with finite escape time; if

f d” = oo and f E(t)dt < oo (tg > 0), then (2.20) has no unbounded positive

solution for ¢ > 0; 1f

= 00, then (2.21) has no positive

solution defined in the future (i.e. global)
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Basic definitions.

In [16], the definitions of a solution defined in the future, a solution with finite
escape time and the Lagrange stability of the explicit ODE were given. Let us
introduce similar definitions for degenerate DEs (DAEs).

A solution z(t) of the initial value problem (1.1), (1.2) is called global or defined
in the future if it exists on the interval [tp, 00). A solution z(t) of (1.1), (1.2) is
called Lagrange stable if it is global and bounded, i.e., z(¢) exists on [ty,c0) and

sup |[lz(2)]] < oo [8].
tE(tg,00)

A solution z(t) of the initial value problem (1.1), (1.2) has a finite escape time
(the solution is blow-up in finite time) if it exists on some finite interval [ty,T)
and is unbounded, i.e., there exists T' > ¢y (1" < 0o) such that tilzm . |z(t)|| = oo.

A solution z(t) of (1.1), (1.2) is called Lagrange unstable if it has a finite escape
time [8].

The equation (1.1) is Lagrange stable for the initial point (tg,x) if for this
initial point the solution of the initial value problem (1.1), (1.2) is Lagrange
stable.

The equation (1.1) is called Lagrange stable if every solution of the initial value
problem (1.1), (1.2) is Lagrange stable (i.e., the equation is Lagrange stable for
every consistent initial point) [8].

The equation (1.1) is Lagrange unstable for the initial point (tg,zo) if for this
initial point the solution of the initial value problem (1.1), (1.2) is Lagrange
unstable.

The equation (1.1) is called Lagrange unstable if every solution of the initial
value problem (1.1), (1.2) is Lagrange unstable [8].

Similar definitions hold for the equation (1.3) (the initial value problem (1.3),

(1.2)).

Definition 2.1. Consider an operator function H: [t4,00) — L(X), where X is a
finite-dimensional linear space or Hilbert space. Let the operator H(t) € L(X) be
self-adjoint for every ¢ € [t4,00). By analogy with [5], we introduce the following
definitions. The operator H(t) is called positive if (H(t)z,z) > 0 for all z # 0,
t € [t4,00). The operator H(t) is called uniformly positive or positive definite if
there exists a constant Hg > 0 such that (H(t)x,z) > Ho||z|? for all z, t.

If X is a finite-dimensional linear space and a self-adjoint operator H € L(X)
is time-invariant and positive (i.e., (Hz,z) > 0 for all x # 0), then it is
also positive definite (uniformly positive). Clearly, (Hx,z) > Hol|z||?, where

Hy = Hiﬂlf (Hz,z) >0 [5]. For the time-varying operator H(t) we can take
z||=1

Hy = inf (H(t)z,z).

l|z]|=1, t€[t4,00)

Remark 2.2. If we take the time-invariant self-adjoint operator H € L(R™) in the
theorems presented in the paper, then it suffices to require that it be positive.
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3. Global boundedness of solutions of nonautonomous
degenerate differential equations

In subsection 3.1, the conditions for the unique global solvability of the equa-
tion (1.1) are given. In subsection 3.2, the conditions for the Lagrange stability,
which include the conditions of the unique global solvability and contain the con-
ditions for the boundedness of global solutions (for all consistent initial points),
are presented, as well as the conditions for the Lagrange instability under which
the equation (1.1) has no global solutions (for consistent initial points (g, zo),
where Pj(tg)zo from a certain region ) are presented. In subsection 3.3, the
conditions for the ultimate boundedness of solutions (dissipativity) of (1.1) are
given. The corresponding results for the equation (1.3) are given in subsection 3.4.

3.1. Global solvability.

Theorem 3.1.  Let f € C([t4+,00) x R R"), %f € C([t4,00) x R, L(R™)),

A, B € CY[ty,00), L(R™)), the pencil AA(t) + B(t) satisfy (2.1), where

Coy € CY([ty,00),(0,00)), and the following conditions be satisfied:

1) for each te€[ty,00) and each xp (t) € X1(t) there exists a unique
Tp, () € Xa(t) such that

<t7 Tpy (t) + Tp, (t)) € Lt+; (3'1)

2) for any fized t. € [ty,00), xp (ts) € X1(t), zp,(tx) € Xa(ts) such that
(t, 7y, (t) + x,(ts)) € Lt, the operator

0
cI)t*,x;;l(t*),:r:;‘,Q(t*) = Iz [Q2(t*)f(t*7$;1 (ts) + 37;;2 (t*))] — B(t.)| Pa(te)  (3.2)

acting from Xo(t.) into Ya(t.,) has the inverse ® ! €

b, (t*),xZQ (t+)
L(Ya(ts), Xa(ts));
3) there exist a positive definite self-adjoint operator H(t) € L(R™), a num-
ber  R>0 and functions U € C(0,00), ke C([ty,00),R) such that
® dv
H e C\([t L(R"
€ ([ +7OO)7 ( ))’ {U(U)

J(t, P (t)z) < k(t)U((H(t)Pi(t)z, Pi(t)z) ), where

=00 (c=const>0) and the inequality

It P = L (H 0P, Pty + (HEP(0, [P0~

~ GTHHQU)[A' () + B Put)e + GTHHQ1() f(t, fﬂ))a (3-3)
holds for all (t,x) € Ly, such that ||P(t)z| > R.

Then for each initial point (to,x0) € Ly, there exists a unique global solution of
the initial value problem (1.1), (1.2).

Proof. Recall that the equation (1.1) is equivalent to the system (2.8) or (2.9),
(2.10). Consider the mappings

1(t, z,u) = [P{(t) = G"HOQuO[A'(t) + B@)]] Pi(t)z+
T+ GO f(t, Pi(t)z + Pay(t)u), (3.4)
F(t,z,u) = GHH)Q2(t) [ f(t, Pi(t)z + Pa(t)u) — A'(t)z] —u (3.5)
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acting from [t4,00) x R"™ x R™ into R", and the system

2(t) = T0(t, 2(t), u(t)), (3.6)
F(t,z(t),u(t)) = 0. (3.7)

Obviously, the mappings I1(¢, z,u), F(t, z,u) are continuous in (¢, z,u) and have
continuous partial derivatives with respect to z, u on [t;,00) x R™ x R™. The
partial derivatives of F'(t,z,u) with respect to z, u have the form

;)ZF@, 2u)=GL(t) [;x [Qa()F(t, Pr(t)z + Pa(t)u)] — Qg(t)A’(t)]Pl (1), (3.8)

0 0
O P20 = 670 2 [Qul0) £ Pu(1)z + Pa(t)u) Pot) — T =
= G_l(t)q)t,P1(t)z,P2(t)uP2(t) - P (t)v (3'9)
where @, p, ()2, p,(t)u 18 the operator (3.2). Denote Dy = Dy Py ()2, Pa(t)u-

Lemma 3.1. If a function x(t) is a solution of the equation (1.1) on [tg,t1) and
satisfies the initial condition (1.2), then the functions z(t) = Pi(t)x(t), u(t) =
Py(t)x(t) are a solution of the system (3.6), (3.7) on [to,t1) and satisfy the initial
conditions z(tg) = Pi(to)xo, u(ty) = Pa(to)ro, and z € C([tg,t1),R"), u €
C([to, t1),R™).

Conversely, if functions z € CY([to,t1),R"), u € C([to,t1),R") are a so-
lution of the system (3. ) (3.7) on [to,t1) and satisfy the initial conditions
z(tg) = Pi(to)xo, u(to) = Pa(to)zo, then Pi(t)z(t) = 2(t), Pa(t)u(t) = u(t) and
the function x(t) = z(t) + u(t) is a solution of the equation (1.1) on [tg,t1) and
satisfies the initial condition (1.2).

Proof. Let z(t) be a solution of the equation (1.1) on [tp, 1) and satisfy (1.2).
Notice that (to,x0) € Ly, since (1.1) is equivalent to the system (2.6), (2.7) and
x(tp) = xo satisfies (2.7) at t =ty (see Remark 2.1). Since (1.1) is equivalent to
the system (2.8), then z(t) = Pi(t)x(t), u(t) = Pa(t)z(t) are a solution of the
system (2.8) on [tg,?1) and consequently are a solution of the system (3.6), (3.7).
It is clear that z(tg) = Pi(to)xo and u(tp) = Pa(tg)zo. The smoothness of z(t),
u(t) follows from the smoothness of 2:(¢) and the projectors P;(t).

Now let 2 € C[to,t1),R"), u € C([to,t1),R™) be a solution of the sys-
tem (3.6), (3.7) on [to,t1) and z(ty) = Pi(to)zo, u(ty) = Pa(to)zo. Obviously,
(to,wo) € Ly, . Multiplying (3.7) by Py (t) and P (t), we get that Py (t)u(t) = 0 and
Py(t)u(t) = u(t). Multlplylng (3.6) by Py(t), we get that z(t) satisfies the equa-
tion Po(t)2/(t) = Po(t)PL(E)Py(1)2(1). Since Po(t)2'(t) = [Pa(t)2(t)) — PA()=(1),
Py(t)P{(t) = —P5(t)P1(t) and z(tg) € X1(to), then Py(t)z(t) satisfies the equation
[Pa(t)z(t)] = Pi(t)[P2(t)z(t)] and the initial condition Ps(tg)z(t9) = 0. Con-
sequently, P»(t)z(t) = 0 and therefore P;(t)z(t) = z(t). Thus, the function
x(t) = z(t) + u(t) is such that Py(t)z(t) = z(t) and Py(t)z(t) = u(t). There-
fore, the function z(t) = z(t) + u(t) is a solution of the system (2.8) on [to, 1)
and z(tp) = xo. Consequently, it is a solution of (1.1) on [tp, 1) and satisfies
(1.2). O

In the proof of Lemma 3.1, it is shown that if u(t) € R™ satisfies (3.7), then

u(t) = Pay(tu(t), ie., u(t) € Xa(t).
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Lemma 3.2. For each t € [ty,00) and each z € R™ there exists a unique
u € Xo(t) such that

F(t,z,u) =0. (3.10)

Proof. Notice that F(t,z,u) = F(t, P(t)z,u) for any z € R", since Qa(t)A'(t) =
Q2(t)A'(t)P1(t), and that the point (t,zp, (t) + xp,(t)) belongs to L, if and only
if t, zp, (t), xp, (t) satisfy (2.10) or the equivalent condition F'(¢,xp, (t), zp,(t)) =0
(ie., t, 2(t) = zp, (1), u(t) = zp,(t) satisfy (3.7)). Therefore, by virtue of the
condition 1), for each ¢ € [t4,00) and each z € R™ there exists a unique u =
Tp,(t) € Xo(t) such that (t, Pi(t)z +u) € Ly, i.e., F(t,z,u) = 0. O

Take any initial point (Z9, o) € Ls, and any fixed ¢, € [tg, 00), 2, € R", where
ze = Pi(ts)zo for t, = tp. By Lemma 3.2, there exists a unique u. € Xs(ty)
(uy = Py(ty)xo for t, = to) such that F(t.,z«,us) = 0. Since the operator
®; ., is invertible for each point (f,2,u) = (s, 2, ux) such that u, € Xy(t.) and
F(ts, ze,us) = 0 (ie., (ts, Pi(ts)2zs + us) € Ly,), then for such points (¢, z,u) =

(tx, 24, ux) the operator

0

AR u) = G~ (t)®; ., Pa(t) — Pi(t) € L(R™) (3.11)

\Ijt,z,u =

has the inverse [¥; ]! = [Cil't,zm] ' G(t)Pa(t) — Pi(t) € L(R™).

Using the implicit function theorems, we obtain the following statement:
there exist neighborhoods Us (t.) = {t € (to,00) | |t — t| < 61}
(Us, (to) = [to,to + 01) when t, =tg), Us,(2+) C R", Us,(us) C R™ and a
unique function u = v(t,2): Us, (t«) X Us,(2+) — Us,(us) which is continu-
ous in (¢,z) and continuously differentiable in z on Us, (i) x Us,(2«) and is
such that F(t,z,v(t,z)) = 0 for (¢,z) € Us, (t«) X Us,(2+) and v(ty, z4) = Uy
Since v = wv(t,z) is a solution of (3.10) (i.e., F(t, z,v(t,2)) = 0), then
v(t,z) = Pa(t)v(t, z) € Xo(t) for each point (¢, 2) € Us, (t«) x Us,(2z«). Thus, it is
proved that in some neighborhood U (¢, 2z«) of each point (¢4, 2zy) € [to, 00) x R"
(2« = Pi(ts)xo when t, = ty) there exists a unique solution u = v, ., (¢, 2)
of (3.10), which is continuous in (¢,z) and continuously differentiable in z,
and v, ,, (t,2) € Xa(t) for each (t,z2) € Uf(ts, 2¢). Introduce the function
u = n(t,z): [to,00) x R® — R™ defined by n(t,z) = w1, .. (t,z) at the point
(t,2) = (ts, z«) for each (ti,z«) € [to,00) X R™. Then the function u = n(t, 2) is
continuous in (¢, z), continuously differentiable in z and a solution of the equation
(3.10) (i.e., F(t,z,n(t,z)) = 0), and n(t,z) € Xa(t) for (¢t,z) € [tg,00) x R™.
We prove the uniqueness of u = n(t,z). Assume that there exists a func-
tion u = p(t,z) having the same properties as u = n(t,z) at some point
(t,2) € [to,00) x R™. By Lemma 3.2, there exists a unique @& € Xo(f) such that
(t,z,u) = (t,%,4) satisfies (3.10). Consequently, n(f,2) = u(t, 2) = 4. It is simi-
larly proved that if the point (£, Z) belongs to the intersection of neighborhoods
ULt 2Y), U?(t2, 22) of some points (t!, 21), (t2,22) € [tg,00) x R™ in which the
solutions u = 41 ,1(t, 2) and u = vy2 ,2(t, 2) of (3.10) are defined respectively, then
v (8, 2) = ve 2(t,2) = n(t,Z) = 4. This holds for any (Z,Z) € [tg,00) x R".
Consequently, there exists the unique function u = 7(t, z) with the above proper-
ties.
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Substitute the function u = 7(t, z) in (3.4) and denote IL(t, z) = II(t, z, n(t, 2)).
Then the equation (3.6) takes the form

2(t) = 11(t, 2(t)). (3.12)

By the properties of 1 and II, the function II is continuous in (t,z) and contin-
uously differentiable in z on [tg, c0) x R™. Hence, there exists a unique solution
z = ((t) of (3.12) satisfying the initial condition ((t9) = zo, where zy = P (to)zo,
on some interval [t, ). Notice that n(tg, z0) = Pa(to)xo and xo = zo + n(to, (o)-
The solution ((¢) can be continued to a maximal interval of existence and this
continuation will be the unique one (see [18, 23|), namely, there exists the max-
imal interval [tg,w) C [tg,00) on which there exists a unique solution z = ((t)
of (3.12) satisfying the initial condition ((t9) = z9. Since the functions z = ((t)
and u = ~y(t), where v(t) = n(t,((t)), are the solution of the system (3.6), (3.7)
on [tp,w) and satisfy the initial conditions ((t9) = Pi(to)xo, Y(to) = Pa(to)zo,
then, by Lemma 3.1, ((¢) = P1(t)((t) € Xi(t), v(t) = Pa(t)y(t) € Xa(t) for all
t € [to,w), and the function z(t) = ((t) + v(¢) is a solution of the equation (1.1)
on [ty,w) that satisfies the initial condition (1.2). The uniqueness of the solution
z = ((t), u=(t) of the system (3.6), (3.7) and, accordingly, the solution z(t) of
the equation (1.1) on [tg,w) follows from the uniqueness of the solution u = n(t, 2)
of (3.10) and the solution z = ((t) of (3.12). We prove that the maximal interval
[to,w) coincides with [tg, 00) (the proof of this statement is similar to the proof of
the theorem [16, Ch. 4, Theorem XIII]).
Introduce the positive definite scalar function

Vt,z) = (H(t)z,2) (3.13)

where H(t) is the operator defined in the condition 3) (V(¢,2) € C([ty, ) x
R™ R)). It is clear that V(¢,2) — oo uniformly in ¢ on every finite time interval
[a,b) C [t4+,0) as ||z]]| = co. Moreover, since the operator H(t) is positive def-
inite, i.e. there exists a constant Hy > 0 such that (H(t)z,z) > Ho||z||? for all
z € R", t € [ty,00), then V(t,2) — oo uniformly in ¢ on [t4,00) as [|z]| — oo.
The gradient of the function V' has the form %—Z(t, z) = 22T H(t). The derivative
of V along the trajectories of the system (3.12) has the form

Vigao)(t,2) = (H'(t)z,2) + 2(H(t)z, TI(t, 2)). (3.14)

The solution z = ((t) of (3.12) either is defined in the future, i.e., the max-
imal interval of existence of the solution coincides with [tg,c0), or has the fi-
nite escape time [tp,w), i.e., w < oo and t_l)iur)nOHC(t)H = 00, [16]. Notice that
¢(t) = Put)x(t), n(t,¢(t) = Pa(t)x(t), where z(t) = ((t) + n(t,(()) is a
solution of (1.1). Assume that the solution z = ((¢) has the finite escape
time. Then there exists t; € (fo,w) such that ((¢) is contained in the set
Bg, ={r € R" | (t,x) € Ly, |Pi(t)z]| > Ro}, where Ry > R (R > 0 is defined
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in the condition 3)), for any t € [¢;,w). By the condition 3), the inequality

Vi1 (1) = (H'(DC(), (¢ )) ( (HC(t), Tk, (¢ >>> -
= (H'(t)Py(t)x(t), P )+ 2(H ), [Pl(t)—
_1(t)Q1(t)[A'(t)+B(t)]]P1( )z(t)+ G~ () Q1 (1) f(t, Pr(t)z (t)+P2(t)$(t))> =
=2J(t, Pi(t)z(t)) < 2k(1) U((H(t)C(t),C(t))) =2k(t)U(V(t,¢(1)). (3.15)

holds for ¢ > t1. Therefore, for ¢t > t; the function v(t) = V(¢,((t)) is a positive
solution of the differential inequality

v < 2k()U (v). (3.16)

By assumption, the solution ((¢) has the finite escape time, therefore v(t) has
the finite escape time. On the other hand, from the properties of the functions
k(t), U(v) it follows that the inequality (3.16) (¢ > ¢4 ) has no positive solutions
with finite escape time, which contradicts the assumption. Consequently, () is
defined in the future, i.e., [ty,w) = [to, 00).

Thus, it is proved that the function x(t) = ((t)+~(t), where v(t) = n(¢t,{(t)), is
a unique solution of the initial value problem (1.1), (1.2) on [tg, c0). Consequently,
for each initial point (Z9,x¢) € L¢, there exists a unique global solution of (1.1),
(1.2). O

The following are the definitions introduced in [21].
A system of s pairwise disjoint projectors {©};_; (the projectors are one-
dimensional), ©; € L(Z), the sum of which is the identity operator Iz in an
S

s-dimensional linear space Z, i.e., ©;0; = §;; ©; and Iy = Z Oy, is called an
=1
additive resolution of the identity in Z. The additive resolutlon of the identity

generates the decomposition Z = Z;+--- 47 into the direct sum of the one-
dimensional subspaces Zj, = O Z, and the system {2, € Z};_, of the vectors
such that z; # 0 and z; = Oy zx forms a basis of Z. Note that the property of
basis invertibility does not depend on the choice of an additive resolution of the
identity or a basis of Z.

Definition 3.1. An operator function ®: D — L(W, Z), where W, Z are s-

dimensional linear spaces and D C W, is called basis tnvertible on an interval

J C D, if for some additive resolution of the identity {©;};_, in the space Z and
S

for any set {w*}§_, of elements w* € J the operator A = > ©,®(w*) € L(W, Z)

k=1
has the inverse A~ € L(Z,W).

Obviously, it follows from the basis invertibility of the mapping ® on the interval
J that ® is invertible on this interval, i.e., for each point w* € J its image under
the mapping @ is the invertible operator ®(w*) € L(W, Z). The converse is not
true (see [8, Example 2.1]) unless the spaces W, Z are one-dimensional.

A theorem similar to Theorem 3.1, in which there is no the requirement of the
uniqueness of z,, (t) in the condition 1), but in the condition 2) the requirement of
invertibility is replaced by the requirement of basis invertibility, is proved below.
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Remark 3.1. Notice that rk Pj(t) = rkQ;(t) = dim X;(t) = dimYj(t), j = 1,2,
dimY;(t) = rk A(t) and that, by virtue of the smoothness of the projectors
(i.e., projection operator functions) P;(t), Q;(t), the dimensions of the subspaces
X;(t) = Pj(t)R™, Y;(t) = Q;(t)R™, j = 1,2, are constant for all ¢t € [ty,00)
(see |12, p. 34, Lemma 4.10]). We denote dim X5(¢) = dimY>(t) = d, then
dim X;(¢t) =dimYi(t) =n —d (t € [t4,00)).
Theorem 3.2.  Let f € C([t4,00) x R",R"), L f € C([ts,00) x R, L(R")),
A B € CY[ty,0),L(R™)), the pencil MA(t) + B(t) satisfy (2.1), where
Co € CH([t4,0),(0,00)), and the following conditions be satisfied:
1) for each t € [t4,00) and each x,,(t) € Xi(t) there exists xp,(t) € Xa(t) such
that (3.1);
2) for any fized t. € [ty,00), x5 (t) € Xi(t), xh,(t.) € Xo(t.) such that
(ti, oy () + :U;DQ (t+)) € Ly, , i = 1,2, the operator function
)

(Dt*"r;l (t*): Xz(t*) — L(XQ(t*),YZ(t* )7

Br gy 1) (pal0) = | 5 [@2(12) Tt 3, (1) + 2 12)] — BLt) | o),
(3.17)

is basis invertible on [z, (t.), x2, (t:)];
3) it coincides with the condition 3) of Theorem 3.1.
Then for each initial point (to,xo) € Ly, there exists a unique global solution of
the initial value problem (1.1), (1.2).

Proof. As in the proof of Theorem 3.1, we consider the mappings (3.4), (3.5) and
the system (3.6), (3.7). The mapping (3.5) has continuous partial derivatives
with respect to z, u on [t4,00) x R™ x R™. The partial derivative with respect

to u have the form ({%F(t, zZ,u) = G_l(t)% [Q2() f(t, Pi(t)z + Pa(t)u)| Pa(t) —
Ign = G_l(t)(l)t,pl(t)z(PQ (t)u)Py(t) — Py (t), where D, p, (t)Z(PQ (t)u) is the operator

function (3.17). Denote ®; . (u) = Dy p,(1)-(P2(t)u) and introduce the operator
function

U, .: R" = L(R"), V;.(u) =

;)UF(t, z,u) = G )Py . (u) Pa(t) — Pi(2).
(3.18)
By virtue of the basis invertibility of (3.17) for any fixed t, € [t4,0), 2« € R",
ul € Xo(ty) (i =1,2) such that F(ts, 2, ul) = 0 (e, (L, Pi(te)ze +ul) € Ly,),
the operator function ®, ., is basis invertible on [ul, u2]. This property is needed
to prove Lemma 3.2 (see below). It also follows from the basis invertibility of

- - 1
®,, . (u) that there exists the inverse operator [@t*g* (u*)} for any fixed ¢, €

[t4,00), zx € R™ u, € Xo(ts) such that F(t.,z«,us) = 0 and, consequently, for
such points (t«, z«, ux) the operator Wy, . (uy) has the inverse [‘I/t*’z*(u*)]_l =

(1. .. ()] G(t)Pa(t) = Pa(t.) € L(R).
Lemmas 3.1 and 3.2 remain valid, however, the proof of Lemma 3.2 changes.

Lemma (Lemma 3.2). For eacht € [t4+,00) and each z € R™ there exists a unique
u € Xo(t) such that (3.10).
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Proof. By virtue of the condition 1) (here the existence of a unique zp,(t) is not
required, unlike the condition 1) of Theorem 3.1), for each ¢ € [t4,00) and each
z € R™ there exists u € Xo(t) such that (¢, Pi(t)z +u) € Ly, i.e., F(t,z,u) = 0.
We prove the uniqueness of such u. Consider arbitrary fixed ¢, € [ty,00), z. € R™,
ul € Xo(ty), i = 1,2, such that F(t,z.,u’) = 0. The basis invertibility of
®;, .. (u) on [ul,u?] means that for any set of points {uptd_, C [ul,u?], the
operator

d
Ar = Op(ta)®y, - (up) € L(Xa(ts), Ya(ts)), (3.19)
k=1
where {O(t.)}¢_, is some additive resolution of the identity in Ya(t.)
(d = dimYa(t) = dim Xs(t), t € [t4,00), see Remark 3.1), has the inverse
ATt € L(Ya(t), Xo(ts)). Since Qafts) (restricted to Ya(t.)) is the identity in
Ya(t:) (because Qa(ti)ys = ys for any y. € Ya(t.)), then we choose {O(t.)}4_,
d ~
such that > O(ti) = Q2(ti)lyy,), ie {Ok(t)}{_, is an additive resolu-
k=1
tion of the identity Qg(t*)|y2(t*) in Y2(t.). Then the system {O(t.)}¢_, of

the projectors O(t,) = G 1(t,)Ok(t.)G(ts) o is an additive resolution of

2 t*)

d
the identity Pa(t:)|y, ) in X2(t) ( X0 Ok(ts) = Pa(ts)lx,,) ). Note that
k=1

F(tu, ze,us) = Po(te)F(ts, 2, uy) for any t, € [t4,00), ze € R", up € Xo(ty).
The projections Fj(ts, z«,us) = Op(ts)F(ts, 26, us) = Ok (ts) Pa(ts) F(ts, 24, Us),
where u, € Xo(t,), are the functions with values in the one-dimensional spaces
O (t«) X2 (ts) isomorphic to R. By the formula of finite increments, there exists a
point uy, € [ul, u?] such that Fi(ts, 2, u2) — Fi(te, 24, ul) = %Fk(t*, Zi, Ug) (U2 —
ul) = Ok(t) Palte) g5 F (b, 2y up) (uf — wi) = Op(te) Po(t) Wy, . (ug) (uf — ul),
k =1,d. By summing the obtained expressions over k and taking into account

: d
that F(ts, z«,ul) = 0 (i = 1,2), we obtain that Y O (t.)Pa(ts) Wy, -, (ug)(u? —
k=1

d _ -
wl) = G7UE) 3 Op(t)®r. e (wp) (w2 — ul) = G (B)AL(u2 — ul) = 0. Since
k=1

there exists Afl, then u2 = ul. g

The further proof of the theorem coincides with the proof of Theorem 3.1 (see
the part of the proof which is located below Lemma 3.2). O

3.2. Lagrange stability and instability.

Theorem 3.3.  Let the conditions of Theorem 3.1 or Theorem 3.2 be fulfilled,
[ k(t)dt < oo, and one of the following conditions be also fulfilled:
t4

a) sup IG=H(O)Q2)[f(t,x) — A'(t) Pr(t)z]]| < oo
(t,x)€ Le ., [|PL(t)z|| < M, M= const>0

b) for any point (t,xp (t) +xp,(t) € Ly such that |xp, ()] < M,
M = const > 0, there exists a constant Ky; > 0, independent of t, zp,(t),
such that ||zp, ()| < K
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c) for each t, € [ty,00) there exists Tp,(t«) € Xao(ts) such that for any fived
Ty (te) € X1(ts), mp, () € Xo(ts), satisfying (t«, vy, (te) + 7, (t)) € Lt , the
operator function (3.17) is basis invertible on (Zp,(t+), ,,(ts)] and the corre-
sponding mverse operator is bounded uniformly in ts, x,,(ts) (i.e., the oper-

ator AT = Z Ok(t,)® buh (t*)(xm,k(t*)) inverse to the operator (3.19),
k=1

where z, = x, (t«) and {up = p, k(t)}¢_, is an arbitrary set of the ele-

ments from (Tpy (ts), T3, (t4)], s bounded uniformly in t, Tp, x(ts) on [ty 00),

)

(Zpy (ta), 5, ( )] , and also  sup || Zp,(t4)]| < o0 and
t €[t ,00)

sup IGT Q2O (8, 2p, (1) + Tpy (£:))—

t€[t4,00), [|zp, (t)||[<M, M= const>0
— A'(t)xp, (1)]]| < 0. (3.20)

Then the equation (1.1) is Lagrange stable.

Proof. Just as for Theorem 3.1, we prove that z = ((¢) and u = y(t), where y(t) =
n(t,¢(t)), are the unique solution of the system (3.6), (3.7) on [tg, c0) satisfying
the initial conditions ((to) = Pi(to)xo, ¥(to) = Pa(to)xo, where (to,z0) € Ly,
and that x(t) = ((t)+~(t) is the unique solution of the initial value problem (1.1),
(1.2). Recall that C(t) = Pi(t)(t), 7(t) = Pa(t)a(t) (C(t) € Xa(t), (t) € Xa(2)
and (t,¢(t) +(t)) € Ly, for any t € [tg, 00).

It follows from the properties of the functions k(t), U(v) that the inequality
(3.16) (t > t4) has no unbounded positive solution for ¢t > ¢t,. Consequently, the
solution z = ((¢) is bounded on [tg, 00), i.e., there exists a constant M, > 0 such
that

IC(H)|| < M, for all t € [ty,0). (3.21)

Since the equation (3.7) can be rewritten in the form w(t) =

“L)Qu() [t Pu(1)=(t) + Po(t)u(t)) — A'()=(2)], then
A1) = n(t, (1) = G OQO [F(E CH) +n(t,¢(1) - AOCB)]. (3:22)

Hence, by (3.21) and the condition a), there exists a constant Ky, = K(M,) > 0
such that

(&) = lIn(t, NIl < Kar, < 00 for all t € [tg, o0). (3.23)

Also, by (3.21) and the condition b), there exists a constant Kz, > 0 such
that (3.23).

Now we prove the boundedness of ||y(¢)|| using the condition c).

Take arbitrary fixed t, € [t1,00), 2z« € R" wu, € Xs(t,) satisfying
the condition F(ts,zs,us) = 0 (e, (ts, Pi(ts)ze + usx) € L ). By virtue
of the condition c), there exists an element 4, = u(t.) € Xs(ti) such
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that the operator function ®;, ., (u) = Dy, Py (t)z (Pa(te)u) (3.17) is basis in-

vertible on (4., u.] and the corresponding inverse operator, i.e., the opera-
-1

d . -
tor A7t = | Ou(ts)®y, -, (ug) = A7 Nt 2, up) € L(Ya(t), Xa(ty)) in-
k=1

verse to the operator (3.19), where {ux}?_, is an arbitrary set of the ele-
ments up € (@, us] (d = dim Xo(t.)) and {O(t.)}{_, is an additive reso-
lution of the identity in Y3(ts), is bounded uniformly in t., ux on [ty,00),
(itx,us]. As in the proof of Lemma (see p. 255), we choose {O(t:)}P_,

d .
such that }° Op(ti) = Q2(ti)ly,,) and take the additive resolution of the
k=1

{Ok(t) = G7L(L)OK(E)G(E) |y, ooy i Xa(t).  Also, consider the pro-
jections Fi(ty,ze,u) = Op(ti)F(ts,ze,u) = Ok(ts)Pa(ts)F(ts, 2«,u), where
u € Xs(ts). By the formula of finite increments, there exists a point
U € (s, uy] such that Fi(ty, 2, us) — Fi(ts, 24, Us) = %Fk(t*,z*,uk)(u* — Uy) =
Ok (ts) Pa(ts) ¥y, -, (ug)(us — y), where the operator function W, is defined
in (3.18), k = 1,d. Since Fg(ts,2«,usx) = 0, then, by summing the ob-
tained equalities over k, we obtain that there exists a set {up}d_; C (i, us]
such that —F(t., ze, %) = G '(t.)A1(us — @). Since there exists A7’
then w, = Gy — AT Gt)F(te, 20, t) = G — AT (Qa(te) [f (i, Pilta)zs +
Py(ty) ) — A’(t*)z*] — G(t*)ﬁ*). This holds for any fixed t, € [t4,00),
ze € R"™ wu, € Xy(t.) satisfying F(t., z«,us) = 0. Therefore, for each
ty € [to, 00) the equality v(t.) = n(ts, C(t:)) = G — AT G (L) F (te, 24, Uhs) = Ths —
ATTG(E) (G () Qo (te) [£ (s, C(ts) + Pa(tu)iis) — A'(£)((t)] — @) is fulfilled.
By virtue of the condition c), the set of the elements @, = u(t.) is bounded,
i.c., there exists a constant M < oo such that ||i.|| = |a(t.)|| < M for each
ti« € [t4,00). From the continuity of the nonlinear mapping Al_1 = Al_l(t*, Zay U
in ¢, z. and the compactness of the ball [|((t.)]] < My, t. € [to,0), where
z = ((t) € O([to,00), R") (¢(t) € X1(t)), it follows that A;" is uniformly con-
tinuous in z, (in P;(f«)z«) and is bounded on ||z.|| = ||{(t.)|| < M.. By the
condition ¢), AT' = AT (te, 2, ug) € L(Ya(ts), Xa(ts)) is bounded uniformly in
tu, ug o0 [t4,00), (U, us]. Therefore, there exists a constant N > 0, independent
of t., z«, uF, such that ||[AT|| < N for each t, € [ty,00), each z, € R™ and
each u, € Xo(t,) satisfying F(t., z«,us) = 0 and for any set {uk}zzl C (U, s ).
Thus, [y(t)] < M1+ N|G(t)I) + [1G7H (t4)Qa(te) [f (b, C (1) + Pa(ti)iis) —
A'(t.)C(t4)]]| for each t, € [t4,00). Then it follows from (3.21), (3.20) that there
exists a constant Kz, > 0 such that ||v(t.)|| < Ky, for all ¢, € [t4,00).

It follows from the above that ||z(t)]| = ||[C(¢) + v()|| < M. + Ky, for all
t € [tg,0), i.e., the solution z(t) is bounded on [tg,c0) and therefore Lagrange
stable. Since for every consistent initial point (¢, x¢) (i.e., for (9, zo) € Ly, ) there
exists a unique solution of the initial value problem (1.1), (1.2) which is Lagrange
stable, then every solution of (1.1), (1.2) is Lagrange stable (recall that the initial
value problem (1.1), (1.2) has a solution only for the initial points (to,zo) € L, ).
Thus, the equation (1.1) is Lagrange stable. O

Theorem 3.4. Let f € C([t4+,00) x R", R"), 6%]’ € C([t4+,00) x R, L(R™)),
A,B € CY[ts,00), L(R™)) and the pencil NA(t) + B(t) satisfy (2.1), where
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Cy € CY([ty,0),(0,00)). Let the conditions 1), 2) of Theorem 3.1 or 1), 2)
of Theorem 8.2 be fulfilled, and the following conditions be also fulfilled:

3) there exists a region @ C R™ such that 0 ¢ 0 and the component Py(t)xz(t)
of each emisting solution x(t) with the initial point (to,ro) € Ly, , where
Py (to)xo € Q, remains all the time in Q;

4) there exist a positive definite self-adjoint operator H(t) € L(R™) and func-
tions k € C([ty,00),R), U € C(0,00) such that H € C*([ts+,0), L(R")),

+oo +oo d
| kE@®)dt =0, [ U< oo (c=const >0) and the inequality
ty c U(U)

J(t, Pi(t)z) > k@t)U((H(t)Pi(t)z, Pi(t)x)), where J(t, Pi(t)x) is of the

form (3.3), holds for all (t,z) € Ly, such that Pi(t)x € €.

Then for each initial point (to,x0) € Ly, such that Pi(to)rg € Q there exists
a unique solution of the initial value problem (1.1), (1.2) and this solution is
Lagrange unstable.

Proof. Tt is proved in the same way as in Theorem 3.1 (see p. 252) that there
exists the unique solution z = ((¢) of the equation (3.12) on [ty,w) which satisfies
the initial condition ((t9) = Pi(tg)xo, where [tp,w) is the maximal interval of
the existence of the solution. Further, as in the proof of Theorem 3.1, we obtain
that there exists the unique solution z(t) = ((t) + (¢) of (1.1) on [tp,w) which
satisfies the initial condition (1.2). Recall that z = ((¢) and v = ~(t) (where
~v(t) = n(t,{(t))) are the unique solution of the system (3.6), (3.7) on [¢tg,w) which
satisfies the initial conditions ((to) = Pi(to)xo, v(to) = P2(to)zo ((to,x0) € Ly,
C(t) € X1(t), v(t) € Xa(t)).

We prove that the solution z(t) is Lagrange unstable.

By the condition of the theorem, there exists a domain €2 C R"™ such that
0 ¢ Q and the component P (t)z(t) of each existing solution x(t) with the initial
point (tg,zo9) € L., where Pi(tg)zg € €, remains all the time in €. Since
¢(t) = Pi(t)z(t), then each solution ((¢) of the equation (3.12) starting in the
region ) remains all the time in it. Introduce the positive definite scalar function
(3.13): V(t,z) = (H(t)z, z), where H(t) is the operator satisfying the condition 4).
The derivative of V' along the trajectories of the system (3.12) has the form (3.14).
By the condition 4), the inequality

Vg (t:C(1) = (H'()C(1),¢(8)) + 2(H (), TI(E,C(1)) = 2T (¢, Pr(1)(1)) =
> 2k(t) U((H(t)C(1),¢(1) = 2k(t) U(V (¢, C(1))).
holds for all £ > tg, ((t) € Q. Hence, for t > ¢y the function v(t) = V (¢,({(t)) is a
positive solution of the differential inequality
v > 2k(t)U (v). (3.24)

It follows from the properties of the functions k(t), U(v) that the inequality
(3.24) (t > t4+) has no positive solution defined in the future [16]. Consequently,
by Theorem [16, Ch. 4, Theorem XIV] the solution ((¢) is Lagrange unstable, i.e.,
the maximal interval of existence [tg,w) is a finite interval and t_l)lgjn . 1€ (t)]| = oo

Hence, the solution z(t) = ((t) + v(t) of (1.1), (1.2) is also Lagrange unstable
(has the finite escape time [tg,w)). O
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3.3. Dissipativity (ultimate boundedness).

Ultimately bounded systems of (explicit) ordinary differential equations, which
are also called dissipative systems or D-systems, were investigated, in particular,
in [16, 29, 20]. Below are definitions similar to those given in [16, 29, 20|.

Definition 3.2. Solutions of the equation (1.1) are called witimately bounded, if
there exists a constant K > 0 and for each solution z(t) with an initial point
(to, o) there exists a number 7 = 7(to,z9) > to such that ||z(¢)|| < K for all
t € [to+7,00) (note that the constant K is independent of the choice of a solution,
i.e. the choice of ty, zp). The equation (1.1) is called ultimately bounded or
dissipative, if for any consistent initial point (to,xo) there exists a global solution
of the initial value problem (1.1), (1.2) and all solutions are ultimately bounded.

Definition 3.3. If in Definition 3.2 the number 7 does not depend on the choice
of ty, i.e., 7 = 7(xp), then the solutions of the equation (1.1) are called uni-
formly ultimately bounded and, accordingly, the equation (1.1) is called uniformly
ultimately bounded or uniformly dissipative.

Analogous definitions hold for the equation (1.3).

Theorem 3.5. Let f € C([ty+,00) x R", R"), a%f € C([t4,00) x R, L(R™)),
A,B € CY[ty,00), L(RY)), the pencil NA(t) + B(t) satisfy (2.1), where
Cy € CH([ty, ), (0,00)), and the conditions 1), 2) of Theorem 3.1 or 1), 2)
of Theorem 3.2 be fulfilled. Let the following conditions be also fulfilled:

3) there exist a positive definite self-adjoint operator H(t) € L(R™), a num-
ber R > 0 and a function U € C(0,00) such that H € C'([t4,00), L(R™)),

sup ||H(t)|| < oo and for all (t,x) € Ly, [|[Pi(t)z| > R, one of the follow-
te|t4,00
ifz[ngme)qualities (where J(t, Pi(t)z) is of the form (3.3)) is fulfilled:
3.a) J(t, Pi(t)z) < U ((H(t)Pi(t)z, Pi(t)z));
8.b) J(t, Pi(t)z) < —U(||P(t)z]]);

4) there exist a constant ¢>0 and a number T >ty such that
G Q) f(t, () + Pa(t)r) — A(®)Pi(t)]ll < c|Pi(t)z]| for all
(t,x) € Ly (Lt is Ly, , where ty is replaced by T').

Then the equation (1.1) is uniformly dissipative (uniformly ultimately bounded).

Proof. As in the proof of Theorem 3.1 or 3.2, we obtain that for each initial point
(to,wo) € Ly, there exists the unique global solution x(t) = ((t) 4+ () of the
initial value problem (1.1), (1.2), where y(t) = n(t,{(t)) (((t) = Pi(t)x(t), v(t) =
Py(t)x(t)). Indeed, since the inequality V(/:gn)(t,g(t)) < —2U ((H(t)¢(t),¢(1)))
or \/(’3'12) (t,¢(t)) < —2U([|¢(¢)]|) will be fulfilled instead of (3.15), then the in-

equality v’ < 0, which also has no positive solution with finite escape time,
will be fulfilled instead of (3.16). Moreover, by virtue of the condition 3), as
in the proof of Yoshizawa’s theorem [29, Theorem 10.4|, we obtain that solu-
tions of the ODE (3.12) are uniformly ultimately bounded, i.e., there exists a
constant N > 0 and for each solution z = ((t) satisfying the initial condition
¢(to) = Pi(to)xo there exists a number 71 = 71(xg) > to such that ||((¢)]] < N
for all ¢ > tg+ 7. Although in Yoshizawa’s theorem an inequality of the form
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V(/3.12) (t,C(t) < —2U(||C(t)|]) is used, but it is easy to verify that the statement
remains true if ‘/(’3'12) (t,¢(t)) < —2U((H(t)¢(t),<(t))). Then, by the condition 4)
and the equality (3.22), there exist a constant ¢ > 0 and a number 7o = 7(z¢) > to
such that ||v(®)|| = |In(t, ()| < c||[¢()|| < e¢N for all ¢ > 75. Thus, for each
solution with the initial point (¢g, o) there exists a number 7 = 7(z9) > to such
that ||z(t)]| < IC@)] + [[v@)| < (1 +¢)N for all t € [tg + T,00), where the con-
stant (1 + ¢)N > 0 is independent of ¢y, xg. Consequently, the equation (1.1) is
uniformly dissipative (uniformly ultimately bounded). O

3.4. Global boundedness of solutions of the equation (1.3).

Theorems similar to those proved above for the equation (1.1) are true for the
nonautonomous degenerate DE (1.3). The theorems for the equation (1.3) are
formulated as Theorems 3.1-3.5, where the following changes are made:

e in the condition 3) of Theorem 3.1, which is also contained in Theorems
3.2 and 3.3, in the condition 4) of Theorem 3.4 and the condition 3) of
Theorem 3.5, the function J (¢, Py(t)x) (3.3) on the left-hand sides of the
inequalities is replaced by

K(t, Py(t)z) = % (H'() P (02, Pr(t)2) +
+ (HOP (.G O-BOP (O + Q0 (t.0)] + Plt)e): (325

e the manifold L;, is replaced by Et . and it is assumed that
f € CH([ty,00) x R",R"™) everywhere;

e in  Theorem 3.3, the  condition a) takes the form
. sup IG1()Q2(t) f (¢, )| < o0,
(t,2)€ Le ., [|PL(t)z|| <M, M= const>0
and the requirement (3.20) is replaced by
sup IGTHB)Q2(t) f (£ 2p, (£) + Zps (£:) ]| < 003

tE(ty,00), ||zp, ()| <M, M= const>0

e in  Theorem 3.5, in the condition 4) the inequality
IGLOQ:If (¢ Pt + Pa) — A@P®all < clPi()a] is
replaced by ||G7L()Q2(t)f(t, Pi(t)x + Pe(t)z)|| < c||Pi(t)z] and the

~

manifold Ly is replaced by L.

The proofs of the theorems for the equation (1.3) are carried out in the same way
as the proofs of the corresponding theorems for (1.1).

4. The Lyapunov stability and asymptotic stability of solutions,
and the complete stability of nonautonomous degenerate DEs

Consider the equations (1.1), (1.3), where f(¢,x) is such that f(¢,0) = 0. Such
equations are called DAEs (degenerate DEs) of perturbed motion (by analogy
with ODEs). They have the equilibrium state (equilibrium position, station-
ary solution) z,(t) = 0. Recall that the points (Z9,zo) € Ly, and (to,z0) € Et+
are called consistent initial points for the initial value problems (1.1), (1.2) and
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(1.3), (1.2) respectively (see Remark 2.1). Obviously, for the considered equations,
(t,0) € Ly, and (£,0) € Et+ for each ¢ € [t4, 00).

The definitions of stability and asymptotic stability formulated below are sim-
ilar to those given in |3, 15, 19].

Let f: [t4,00) x Ur(0) — R™, where Ur(0) = {z € R™ | ||z|| < R}.

Definition 4.1. The solution z,(t) = 0 of (1.1) (f(¢,0) =0) is called Lyapunov
stable (or simply stable) if for any ¢ > 0 (¢ < R), to € [t4+,00) there exists a
number § = d(e,ty) > 0 (§ < €) such that for any consistent initial point (g, z¢)
satisfying the condition [|zg|| < ¢ there exists a global solution x(¢) of the initial
value problem (1.1), (1.2) and this solution satisfies the 1nequahty |lz(t)| < e for
all ¢t € [tg,00). If, in addition, there exists & = d(tg) > 0 (5 < 0) such that for
cach solution z(t) with an initial point (fo, o) satisfying the condition ||zo| < &
the requirement tlgélo x(t) = 0 is fulfilled, then the solution z,(t) = 0 is called

asymptotically Lyapunov stable or simply asymptotically stable.

If in Definition 4.1 § is independent of tg, i.e., 6 = d(¢), then the solution is
called uniformly Lyapunov stable or uniformly stable (on [t4,00)).

Definition 4.2. The solution z,(t) = 0 of (1.1) (f(¢,0) = 0) is called Lyapunov
unstable (or simply unstable) if for some € > 0 (¢ < R), tg € [t+,00) and any
d > 0 there exist a solution x5(t) of the initial value problem (1.1), (1.2) and a
time moment ¢; > to such that ||zg|| < and ||zs(t1)]| > e.

The definition of asymptotic stability in the large or complete stability given
below for a DAE is similar to the corresponding definition for an explicit ODE
(see [13, Ch. I, Section 5| and [16, Ch. II, Section 13]).

Definition 4.3. Consider the equation (1.1), where f(t, z) is defined on [t, 00) X
R™ and f(¢,0) = 0. If the solution z,(t) = 0 of (1.1) (f(¢,0) = 0) is asymptotically
stable and, moreover, for each point (tg,x¢) € L¢, (i.e. for each consistent initial
point) there exists a global solution z(t) of the initial value problem (1.1), (1.2)
and tlggo x(t) = 0, then the solution x,(t) = 0 is called asymptotically stable in the

large, and the equation (1.1) is called completely stable or asymptotically stable.

Similar definitions hold for the equation (1.3).

It is known that the Lyapunov stability of a nonzero (non-stationary) solution
of a nonlinear ODE does not imply its boundedness on the whole domain of
definition and, accordingly, the Lagrange stability. Also, in general the Lagrange
stability of ODE solutions does not imply their Lyapunov stability. In the general
case, the Lyapunov instability does not imply the Lagrange instability, but the
converse statement is true.

Theorem 4.1.  Let f € C([t4+,00)xUg(0),R™), f(¢,0) =0, 6xf € C([t4+,00) x

Ugr(0), L(R™)), A,B € C([ty,00), L(R™)) and the pencil NA(t) + B(t) satisfy

(2.1), where Cy € CY([t4,0),(0,00)). Let for each t, € [ty,00) and x} (t.) =0,

3, (tx) = 0 the operator (3.2) has the inverse. Then the following statements are

true:

(a) If there exist a positive definite self-adjoint operator H(t) € L(R™) and num-
bers r1,m2 > 0, 71 + 19 < R, such that H € C([ty,00), L(R™)) and for all
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t € [ty,00), € By rp(0) = {x € R" | ||Pi(t)x|| < 14,0 = 1,2} the inequality
J(t, Pi(t)z) <0, where J(t, Pi(t)x) is of the form (3.3), (4.1)

holds, then the solution x,(t) =0 of (1.1) is Lyapunov stable.

(b) Let there exist a positive definite self-adjoint operator H(t) € L(R™), numbers
r1,72 >0, r1+re < R, and a function W € C({z € R" | ||z]| <r1},[0,00))
such that H € C([t4,00), L(R™)), sup |[H(t)|| < oo, W(z) >0 for z #0,

tE[ty,00)
W(0) =0, and for all t € [t4,00), © € By, 1,(0), Pi(t)z # 0, the following
inequality holds:

J(t, Pi(t)z) < =W (Pi(t)x), where J(t, P(t)x) is of the form (3.3);  (4.2)

let G ()Qa(t)[f(t, PL(t)x + Py(t)x) — A'(t)PL(t)x] — 0 uniformly in t
on [T,00) as x — 0 for some T > ty; (4.3)

then the solution x,(t) =0 of (1.1) is asymptotically Lyapunov stable.

(c) The statement (a), where the function J(t, Pi(t)x) in the inequality (4.1) is
replaced by K (t, P1(t)x) (3.25), the equation (1.1) is replaced by (1.3), and it
is additionally assumed that f € C1([ty,00) x Ur(0),R"), is true.

(d) The statement (b), where the inequality (4.2) and the requirement (4.3) are
replaced respectively by

K(t, P\(t)z) < =W (Py(t)x), where K(t, Pi(t)z) is of the form (3.25), (4.4)

and

G 1(t)Q2(t) f(t, Pi(t)x + Po(t)x) — O uniformly in t
on [T,00) as x — 0 for some T > t,, (4.5)

the equation (1.1) is replaced by (1.3), and it is additionally assumed that
f € CY([ty,00) x Ur(0),R"), is true.

Proof. The proof of the statement (a).

As in the proof of Theorem 3.1, we consider the mappings (3.4), (3.5) and the
system (3.6), (3.7), i.e., 2/(t) = II(¢t, 2(t), u(t)), F(t, 2(t),u(t)) = 0. Obviously,
f(t,0) =0 if and only if II(¢,0,0) = 0 and F(¢,0,0) = 0.

We will assume that A(t) is not equal to zero or invertible for all ¢, because these
cases correspond either to a purely algebraic equation or to a purely differential
equation (ODE). In the case when A(¢) is invertible (for all t), the DAE (1.1) can
be reduced to an ODE and then the classical Lyapunov theorems can be used.
In the case when A(t) is identically equal to zero, the implicit function theorems
and the constructions similar to those given below are used. Thus, the theorem
remains true for these special cases, but the proof of the theorem is of interest
precisely to the DAE (degenerate DE). Therefore, in what follows, it is assumed
that X1(t) # {0} and Xa(t) # {0}. Recall that the dimensions of the subspaces
X1(t) and Xo(t) are constant for all ¢ € [t4,00) (see Remark 3.1).

It is clear that there exist some regions D?, D* C R™ containing the origin
for which the mappings II, F are defined, i.e., P;(t)D* + Py(t)D* C Ugr(0) and
II(t, z,u): [t4,00)xD*x D" — R™ F(t,z,u): [t+,00)x D*x D* — R™. The map-
pings I, F' € C([t4+,00) x D* x D", R™) are continuously differentiable in z, u and
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the partial derivatives of F'(t, z,u) have the form (3.8), (3.9), where ®; p, (1), p,(t)u
is the operator (3.2). As in Theorem 3.1, denote (i)t,z,u = Q4 p,(t)2,Pa(t)u-

Obviously, Lemma 3.1 remains valid.

By the condition of the theorem, for each ¢, € [t;,0c0) the operator (i)t*,0,0 =
Py, 0,0 is invertible. Therefore, for each point (¢,z,u) = (t4,0,0) the operator
Viou = %F(t,z,u) (3.11) is invertible. Let t, € [t4+,00) be an arbitrary fixed
element. Since F(t4,0,0) = 0 and the conditions of the implicit function theorems
are satisfied, then there exist neighborhoods Uy, (t+) x U§ (0) C [t4,00) x D?
(Usy (t4) = [t4,t+ + 01)), Uy (0) € D* and a unique function u = pu(t, z) €
C(Us, (t+) x Uz, (0), U, (0)) which is continuously differentiable in 2 on Uy, (t.) x
Us, (0), satisfies the equation (3.10) (i.e., F'(Z, z, u(t, 2)) = 0 for (¢, 2) € Uy, (t«) x
U; (0)) and pu(ts,0) = 0. Since u = pu(t, 2) satisfies (3.10) for (¢,2) € Uy, (t+) X
U; (0), then u(t,z) € Xa(t) and (t, Pi(t)z + u(t,z)) € Li, for each (t,2) €
Ug, (t) x Uz, (0). Thus, the following statement similar to Lemma 3.2 is proved:
for each t € [ty,00) and each z from the sufficiently small neighborhood U (0)
there exists a unique u from the sufficiently small neighborhood UY, (0), satisfying
(3.10). Since the obtained implicit function u = u(t, z) is continuous at the point
(t4,0), then for every €1 > 0 there are 61 = 71(e1,t+) > 0, o = Sl(gl,t*) >0
(61 < o1, 61 < &1) such that ||u(t, 2)|| < e1 for (t,2) € Us, (t.) x ngl(O) and
therefore ||u|| < &1 for u = p(t, z). Thus, the following lemma is proved.

Lemma 4.1. For any e, > 0, t € [ty,00) and any z € U (0), where 6 > 0 is

sufficiently small, there exists a unique u € U (0) satisfying (3.10) and this u
belongs to Xa(t) (i.e., ||ul| < eu, F(t,z,u) =0 and u = Py(t)u).

Let ¢ > 0 (¢ < R) be an arbitrary number. We represent it as the sum
€ =€, + g, of numbers €, > 0, £, > 0 which will be indicated below.
Using the implicit function theorems and Lemma 4.1, we obtain the

following statement. For any fixed ¢, € [tp,00) there exist an in-
terval Uy, (tx) C  [t4,00) (02 = o2(eu,ts), Us(ty) = [t4.t4 + 02)),
a neighborhood U§2(0) (02 = d2(ey,tx) < €,) and a unique function

v, (t,2) € C(Ugy(ts) x Ug,(0),U2 (0)) which is a solution of the equation (3.10)
with respect to u (i.e., F'(t, 2,11, (t,2)) = 0 for (¢, 2) € Up,(ts) x Ug,(0)), is contin-
uously differentiable in z and belongs to X»(t) for each (¢, 2) € Uy, (t.) x Uz, (0),
as well as satisfies the equality 14, (¢,,0) = 0. Introduce the function
u = n(t,2): [t4,00) x U§ (0) — UL (0) and define by n(t,2) = v, (t,2) at the
point (t,2) = (¢, 2«) for each point (., 2.) € [t4,00) X Uz, (0). Then the function
u = n(t, z) is continuous in (¢, z), continuously differentiable in z and a unique so-
lution of the equation (3.10), and 7(t, 2) € X(t) for each (¢, 2) € [t, 00) x U§ (0)
as well as 7(¢,0) = 0.

Substitute the function u = 7(t, z) in (3.4) and denote IL(t, z) = II(t, z, n(t, 2)),
then the equation (3.6) takes the form (3.12), ie., 2/(t) = II(t, 2(t)). By the
properties of 1 and II, the function II is continuous in (t,z) and continuously
differentiable in z on [t;,00) x Us (0), and II(t,0) = 0. Clearly, for each initial
point (%o, 20) € [t+,00) x U§,(0) there exists a unique local solution of (3.12).

Take any initial value t9 € [t1,00) and choose any consistent initial
value zg, i.e., (to,xo) € Lt+ or F(to, P (to)ﬂjo, PQ(to):CQ) = 0, satisfying
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the condition ||zg|| < <e, where 6 = d(e,tg) > 0 is chosen so that
| P1(to)zo|| < 6, < min{e,,d2}, 0, is a sufficiently small number which will be de-
termined below, and || Py (to)xo|| < 4. Denote zg = P;(to)xo and ug = Pa(to)xo,
then n(to, z0) = ug (since F'(tg, z0,up) = 0). For the chosen initial point (¢, 20)
there exists a unique local solution z = ((¢) of (3.12) satisfying the initial con-
dition ((t9) = zo9. Then the functions z = ((t), u = n(t,((t)) are a unique local
solution of the system (3.6), (3.7) satisfying the initial conditions ((to) = zo,
n(to,¢(to)) = wup, and by Lemma 3.1 the function z(t) = ((t) + n(t,((¢))
(C(t) = Pi(t)x(t) € X1(t), n(t,¢(t)) = Pa(t)x(t) € Xa(t)) is a unique local solu-
tion of (1.1) satisfying the initial condition (1.2), where xzy = 29 + up. Introduce
the positive definite function (3.13), where H(¢) is the operator satisfying the
conditions of the statement (a). Without loss of generality, we can assume that
02 < ry and €, < 79, where the numbers 71, 7y are defined in the statement (a).
By virtue of the condition (4.1), for any t € [tg, 00), z € X1 (t) such that ||z]| < 2
the derivative of V' along the trajectories of the system (3.12) (see (3.14)) satisfies
the inequality

Vis19)(t,2) <0. (4.6)

Recall that ||z0]| < J, < min{e,, da}, where zo = Pi(to)zo = ((to). Further, as
in the proof of Lyapunov’s theorem on stability [17|, we obtain that the number
0, = 0;(e4,tp) > 0 can be chosen such that the solution z = ((¢) is global and
IC(t)]] < e for all t € [tp,00). This holds for any €, > 0. Choose ., €, and
gy such that [|[((t)]| < e, for t € [to,00), ||n(t,((1))|| < ey for t € [tp,00) and
IC(t)]| < ez, and €, + e, = €. Then ||z(t)]] = ||C(t) +n(t, ()] < ez +eu=c¢
for all t € [tp,00). Since € > 0 and ¢y € [t4,00) were chosen arbitrarily, the
statement (a) is proved.

The proof of the statement (b).

The Lyapunov stability of the zero solution is proved in the same way as above.
We show that the solution z(t) = ((t) + n(t,{(t)) with the initial point (o, o)
(xo = 20+ up), constructed in the proof of the statement (a), satisfies the require-
ment tlgglo z(t) = 0 for ||zg]| < 0 and a sufficiently small § = d(¢p) > 0. As above,

d is chosen so that ||zo]| = || Pi(to)xo|| < J2, where 0, is sufficiently small number
which will be defined below. It is clear that the mentioned § and §, are different
from those chosen in the proof of the statement (a), but for convenience we retain
the previous notation.

Since, by the condition of the statement (b), H; = sup |[[H(t)|| < oo and the

te(t4,00)

function V' (¢,2) = (H(t)z,2) satisfies the inequality |V (t,z)| < Hil|z||? for any
t € [ty,00) and z € R™, then V (¢, z) has an infinitely small upper limit (in R™) (see
the definition in [13, p. 11, Def. 1.7]). Since, by virtue of the condition (4.2), the
inequality V(/3.12) (t,z) < =W (z), where the scalar function W (z) is continuous and
positive definite, is fulfilled instead of (4.6), then, as in the proof of Lyapunov?s
theorem on asymptotic stability [17], we obtain that the number §, = d,(¢p) > 0
can be chosen such that tliglo ¢(t) = 0. Then, taking into account (4.3), (3.22)

and n(¢,0) = 0, we obtain that lim n(¢,{(t)) = 0. Consequently, lim z(¢) = 0,
t—o0 t—00
and the statement (b) is proved.
The statements (c) and (d) can be proved similarly. O
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Theorem 4.2.  Let f € C([t4+,00) x R"R™), f(¢,0) =0, %f € C([ty,00) x
R™, L(R")), A, B € C([ty,0), L(R™)) and the pencil NA(t) + B(t) satisfy (2.1),
where Cy € Cl([ty,0),(0,00)). Let the conditions 1), 2) of Theorem 3.1
or 1), 2) of Theorem 3.2 be fulfilled. Let there exist a positive definite self-
adjoint operator H(t) € L(R™) and a function W € C(R™,[0,00)) such that
H € CY([ty,0), L(RY)), sup | H(t)|| < oo, W(z) >0 for z # 0, W(0) = 0,
te(ty,00)

and the inequality (4.2) holds for all (t,x) € Ly, , Pi(t)x # 0. Let (4.3) be fulfilled.
Then the solution x,(t) =0 of (1.1) is asymptotically stable in the large, i.e., the
equation (1.1) is completely stable.

Proof. Since the conditions of the theorem include the conditions of the state-
ment (b) of Theorem 4.1, then the zero solution of (1.1) is asymptotically stable.

As in the proof of Theorem 3.1 or 3.2, where the inequality v' < 0 holds instead
of (3.16), we obtain that for each consistent initial point (to,z¢) there exists a
unique global solution z(t) = ((t) + n(t,{(t)) of the initial value problem (1.1),
(1.2), where (t) = Pi(t)x(t), n(t,{(t)) = Pa(t)z(t). We prove that tlim z(t) = 0.

—00
Since in the present theorem the equation (1.1), where f(¢,0) = 0, is considered,
then, as in Theorem 4.1, the function u = 7(t, z) is such that n(¢,0) = 0. Note
that for t > to, ((t) # 0, the inequality V(/3.12) (t,C(t)) < —=W(((t)), where the
function W(z) is continuous and positive definite, holds (since (4.2) holds) and
T/(’&m)(t, 0) = 0. Since the operator H(t) is positive definite and teiup | |H(t)| <
+,00
00, then the function V(¢,2) = (H(t)z, z) has an infinitely small upper limit in
R™ (see the proof of the statement (b) of Theorem 4.1) and an infinitely large
lower limit in R™ (see the definition in [13, p. 36, Def. 5.2]). Further, as in the
proof of the Barbashin-Krasovsky theorem on asymptotic stability in the large
[13, p. 36, Theorem 5.2|, we obtain that tlim ¢(t) = 0. Then, as in the proof of
—00

the statement (b) of Theorem 4.1, we obtain that tlim n(t,{(t)) = 0, and therefore
— 00

lim z(t) = 0. O

t—00

Theorem 4.3. Let f € CY[ty,0) x RVR"), f(t,00=0, A B ¢
CH([ty,00), L(R™)) and the pencil NA(t) + B(t) satisfy (2.1), where Cy €
C([ty,00),(0,00)). Let the conditions 1), 2) of Theorem 8.1 or 1), 2) of Theo-
rem 3.2, where Ly, is replaced by Et+, be fulfilled. Let there exist a positive definite
self-adjoint operator H(t) € L(R™) and a function W € C(R",[0,00)) such that
H e CU[ty,00), LR™), sup [H()| < oo, W(z) > 0 for 2 £ 0, W(0) = 0,
te(t4,00)

and the inequality (4.4) holds for all (t,x) € Et+, Pi(t)x # 0. Let (4.5) be fulfilled.
Then the solution x,(t) =0 of (1.3) is asymptotically stable in the large, i.e., the
equation (1.3) is completely stable.

Proof. The proof is similar to the proof of Theorem 4.2. ]

5. Lyapunov instability of nonautonomous degenerate DEs

Remark 5.1. Since the Lagrange instability of a solution implies its Lyapunov
instability, then the theorems on the Lagrange instability of the equations (1.1),
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(1.3) can also be considered as the theorems on the Lyapunov instability (see
Definition 4.2).

Theorem 5.1. Let f € C([t4+,00)xUg(0),R"™) (Ur(0) ={x € R" | ||z|| < R}),
f(t,0)=0, axf € O([ty,0) xUg(0), L(R™)), A, B € C*([ty,o0), L(R™)) and the
pencil NA(t) + B(t) satisfy (2.1), where 02 € CY([ty,o0), (0 o0)). Let for each
ti € [t4,00) the operator (3.2), where z; (t.) = 0 and =, (t.) = 0, has the
tmverse. Then the following statements are true

(a) If there exist a positive definite self-adjoint operator H(t) € L(R™), numbers
r1, 72 >0, 11+ 12 < R, and a function W € C({z € R" | ||z]| <r1},[0,00))
such that H € C*([t4+,00), L(R™)), sup |[H(t)|| < oo, W(z) >0 for z # 0,

te[t+,00)
W(0) = 0, and for all t € [t4,00), © € By, r,(0), Pi(t)xr # 0 (B, r(0) =
{x e R" | || Pi(t)x|| < 14, @ = 1,2}), the inequality

J(t, Pi(t)x) > W(Pi(t)z), where J(t, Pi(t)z) is of the form (3.3),  (5.1)

holds, then the solution x,(t) =0 of (1.1) is Lyapunov unstable.

(b) The statement (a), where the function J(t, Pi(t)x) in the inequality (5.1) is
replaced by K (t, Pi(t)x) (3.25), the equation (1.1) is replaced by (1.3), and it
is additionally assumed that f € C1([ty,00) x Ur(0),R™), is true.

Proof. The proof of the statement (a).

Let &, > 0 be an arbitrary number satisfying ¢, < 75. As in the proof of
the statement (a) of Theorem 4.1 (where £, = ri) we construct the function
n(t, z) € C([t+,00) x Uz (0),U2 (0)), where 0 < 2 < r1, such that u = n(t, z) is
continuously differentiable in z, belongs to Xa(t) for each (¢, 2) € [t4,00) x U, (0),
satisfies the identity 7(¢,0) = 0 and is a unique solution of the equation (3.10).
Here 7y, r9 are the numbers defined in the statement (a).

Substituting the obtained function u = 7(t, z) in (3.4) and denoting II(¢, z) =
I1(t, z,n(t, 2)), we get the equation (3.12). Introduce the positive definite function
(3.13), where H(t) is the operator defined in the condition (a). By virtue of the
condition sup ||H(t)|| < oo, the function V (¢, z) has an infinitely small upper

te(ty,00)
limit (in R™) (see the proof of the statement (b) of Theorem 4.1). By virtue
of (5.1), for all ¢ € [t4,00) and all z € X;(t) such that 0 < |[[z]| < d2 the
derivative of V' along the trajectories of the system (3.12) satisfies the inequality
1/(’3_12) (t,z) > W(z), where the function W (z) is continuous and positive definite.

Thus, V(¢,z) and V(/3.12) (t,z) are positive for all ¢ € [t;,00) and all z € X;(¢)
such that 0 < ||z]| < d2.

As in the proof of the statement (a) of Theorem 4.1 we obtain that for any
consistent initial point (¢, zo) satisfying the condition ||zg|| < A, where A = d2+
eu > 0 is chosen so that || Pi(to)zo|| < d2 and || Pa(to)zo|| < eu, there exists a
unique local solution z = ((t), u = n(t,{(t)) of the system (3.6), (3.7) satisfying
the initial conditions ((tg) = z0 = Pi(to)xo, n(to, ((to)) = uo = Pa(to)zo. Then
by Lemma 3.1 the function z(t) = ((t) + n(¢,{(t)) is a unique local solution of
(1.1) satisfying the initial condition (1.2), where xy = 29 + up. Take an initial
value tg € [t4,00), any consistent initial value xo ((to,x0) € L¢, ) satisfying the
condition 0 < ||zo|| <6 (0 < 6 < A) and any (arbitrarily small) numbers 6, > 0,
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0y > 0 such that 0 < || P1(to)zol| < 02 < d2, || Pa(to)zo|| < 6y < €y and § = 0, + 0y,
Taking into account the properties of the function V (¢, z) and its derivative along
the trajectories of the system (3.12), as in the proof of Lyapunov?s theorem
on instability [17], we obtain that for the solution z = ((t) of (3.12) satisfying
the initial condition ((t9) = zo = Pi(to)zo and for some time moment ¢; > t
the inequalities 0 < ||zg]| < 0, and ||[((¢1)]] > d2 hold. Consequently, for the
corresponding solution z(t) = ((t) + n(t,((t)) with the initial point (to,zo) the
inequalities ||zg|| < d and ||z(¢1)|| > € = d2/[|Pi(¢t1)]| > 0 hold (since [|{(t1)] =
| P1(t1)x(t1)]]). Since § = d.+3d, > 0 (6 < A)is arbitrary and € = do/||Pi(t1)]| > 0
is fixed, then the statement (a) is proved.

The statement (b) can be proved similarly. O

6. Application of the obtained theorems

It is known that the dynamics of electrical circuits is modeled using systems
of differential and algebraic equations, which in a vector form have the form of
degenerate DEs or differential-algebraic equations. Generally, a degenerate DE
describing the dynamics of an electrical circuit cannot be reduced to a purely dif-
ferential equation, i.e., to an explicit ODE. In this section, we consider a simple
electrical circuit with nonlinear and time-varying elements in order to demonstrate
the application of the obtained theorems (on global solvability) and the verifica-
tion of their conditions as well as to verify the adequacy of obtained restrictions
(this is easily done by reducing the degenerate DE describing the circuit model to
an explicit ODE). Namely, consider the electrical circuit with a time-varying in-
ductance L(t), time-varying linear resistances r(t), r1,(¢) and nonlinear resistances
or(Ir), ¢(1,), whose dynamics is described by the system of equations

d

g L1 O] +rr(t)21(t) — 22(t) = —er(21(?)), (6.1)
w1 (t) +a3(t) = (1), (6.2)
w2(t) = r(H)as(t) = U(t) + p(23(t)), (6.3)

where I(t) is a given (input) current, U(¢) is a given (input) voltage, x1(t) = Ir(t)
and z3(t) = I,(t) are unknown currents, and z5(t) = Ur(t) is an unknown voltage.
The remaining currents and voltages in the circuit are uniquely expressed in terms
of I(t), Ir(t), I,(t), U(t) and Ug(t).

In what follows, for brevity we omit the dependence on ¢ in the notation of the
variables x;(t), i = 1,2, 3.

The vector form of the system (6.1)—(6.3) is the nonautonomous degenerate
DE (1.1), where z = (1,29, 23)" = (I, UL, I,)T € R3,

L(t) 0 0 T’L(t) -1 0 —<pL(:B1)
A=l 0 o o|,Be)=[ 1 0o 1 | ft,2)= I(t) . (6.4)
0 00 0 1 —r(t) U(t)+o(x3)

It is assumed that A,B € C([ty,00),L(
and Zf € O(ty,0) x R3L(RY), ie
I, U € C([t+,00),R) and ¢, ¢r € C'(R).

Rg))? f € C([t+,OO) X R37R3)
° La T, T € Cl([t+,00),R),
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Let L(t) # 0 for all t € [t+, o0), and AL(t) + rr(t) + r(t) # 0 for sufficiently
large |A| such that |A| > \L( y and all £ € [t4+,00). Then there exists the resolvent

of the pencil AA(t) + B(t):

1 1 r(t) 1
0= S (7 PG 00

and it satisfies the estimate (2.1), where Cy(t) = TEOT (t” € CY([ty, ), (0,00)) and

L(t) is either positive or negative for all ¢ € [t4,00). It is natural to take L(¢) > 0
(t € [t4,00)) from the point of view of physics

The projection matrices F;(t), i(t)  (see have the form
1 00 00 1 r(t) 1
Pt)=[-r@®) 0 0|, P = rt 10 (W=[o o ol,
-1 00 1 0 1 0 0 O
0 —r(t) -1
Q(t)=1[0 1 0
0 0 1
The vector x has the projections zp, (t) = Pi(t)x = (z1,—r(t)z1, —11)7,

Tp, (t) = Po(t)x = (0,7(t)x1 + 22,21 + 23)T. Denote a = x1, b(t) = r(t)z1 + 2,
¢ = x1 + a3, then x,, (t) = a(1, —r(t), = 1)T, x,,(t) = (0,b(t),c)T.

The consistency condition (t,2) € Ly, is satisfied if (¢, x) satisfies the algebraic
equations (6.2), (6.3). Using the notation introduced above, the system (6.2),
(6.3) can be rewritten as

c=I(t), (6.5)
b(t) = U(t) + r(t)I(t) + o(I(t) — a). (6.6)

Obviously, for each ¢ € [t4,00) and each x; € R there exist unique z2 € R and
z3 € R such that the equalities (6.2), (6.3) hold, or for each ¢ € [t;,00) and each
a € R there exist unique ¢ € R and b(t) € R such that the equalities (6.5), (6.6)
hold. Consequently, the condition 1) of Theorem 3.1 is satisfied. It is clear that
the condition 1) of Theorem 3.2 is also satisfied.

Take any fixed t., zp, (t.) = z7(1, —r(ts), )T =a.(1, —r(ts), 17, Ty, () =
(0,7 (ts)z] + mQ,xl + x3) = (0,b(ts), cx)T such that (t., x5 (t.) + 25, (t)) € Ly,
(e, (t,xp (t ) 2o () satlsﬁes (6.2), (6.3) or (6.5), (6.6)). Consider the opera-

C = [

2 [Qa(t) f (b, (82) + 25, (84))] — B(ts)] Pa(ts): R® —

1 Xo(ty) = Yo(t,) defined in

(3.2). With respect to the standard basis in R?, the matrix

tOI“ (Pt* m (t*

Ys(t.) and the operator ;. i (L) (b)) = o

R r(te) — @' (x3) 1 —¢'(x3)
(I)t*,ac;gl (ta),mh, (tx) = /—1* 0 -1 o =
©'(73) =1 r(te) +¢'(23)
r(te) — @' (I(te) —as) 1 —¢'(I(ts) — ax) _
- -1 0 ~1 =3y, (6.7)

@ (I(ts) — ax) =1 r(te) + @' (I(ts) — ax)
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correspond to the operator </I;t*’$;1 (t)sh, (be) It is easy to verify that from

Dy, o (), (1) Tp,(t) =0 it follows that xp,(t) = 0 for any ¢, and consequently
there exists an inverse operator @, o (1) (1) € L(Ya(ts), Xo(tsx)). Thus, the
condition 2) of Theorem 3.1 is fulﬁlled ‘

Take any fixed t. € [ty,00), x5 (i) € X1(t), 7),(t) € Xa(ts) such that
(ta, oy (t) + 73, () € Ley, i = 1,2, ie., any fixed t, ax, ¢, b'(ts), i = 1,2,

such that the equalities (6.5), (6.6) hold. Since it follows from (6.5) that

cl = ¢ = I(t,), then ¢ = I(t,) for any ¢ € [c!,c2]. Take the projectors

Ox(t.) € LR V(1)) (k = 1,2, ©,(t.) 0;(t.) = b ©i(1). zek< ) = Qa(t)

0 —r(t) 0 00 -1
to which the matrices O1(t,) = | 0 1 0], ©(ts)=(0 0 0 corre-
0 0 0 0 0 1

spond with respect to the standard basis in R?. Then the system of the projectors
{ék(t = O(t |Y2 . )}221 is an additive resolution of the identity Q2(t)[y,,)
in Y5(t,). Consider the operator function a)t*@;l () Xa(ts) — L(R3,Ys(t,)),
By s (1) (@pa (82)) = [ [Qa(te) f(bs 2, (£) + 2y (1))] — B(t)] Pa(t), and the

0 : Xo(t) — L(Xa(ty), Ya(ty))

Xa(tx)
defined in (3.17).  With respect to the standard basis in R3, the ma-

trix $t*7w;1(t*)(xp2(t*)) = <I>t* a., where <I>t* a, is introduced in (6.7), cor-

operator function ®; . () = Dy, o 25, (0]

respond to the operator function @t*,le(t*)(xpz(t*)). Consider the operator

A= K| e LXa()Yalt), where & = O1(t)81 5 ) (1)) +

2 (s " . ~
@2(t*)q)t*,z;1(t*)(xpz,Q(t*)) = 91( )q)t* A% + @2( )(I)t* ax (pt* Qs for any

Ty k(t) € [x), (), 22, ()], k = 1,2. Since the operator A is invertible, then

the condition 2) of Theorem 3.2 is also fulfilled.
Lit) 0 0
Choose H(t) =1 0 L(t) 0 |,te€ [ty,00). Let L(t) > Lo = const > 0
0 0 L(t)

for all ¢ € [t;,00). Then H(t) € L(R?) is a positive definite operator. Let there
exist a number R > 0 such that

[or(z1) = @(I(t) —@1) = r()I(t) = U(t)]ar + [L'(8)/2 +rp(t) +r(t)]at > 0 (6.8)

for all t € [ty,00), ||zp, (1) = |21]]|(1, =7 (t), —1)T|| > R. Then the condition 3)
from Theorems 3.1, 3.2, where k(t) = |r/(t)/r(t)| and U(v) = v, is fulfilled.

Thus, by Theorem 3.1 as well as by Theorem 3.2, for each initial point
(to, %) € [ts,00) xR3, where 20 = (29, 29, 23)7, which satlsﬁes (6.2), (6.3), where
t =to, z; = 29, i = 1,2, 3, there exists a unique global solution z(¢) of the equa-
tion (1.1) satisfying the initial condition x(tg) = 2° if L, r, r, € C*([t4,0),R),
I, U € C([ty,),R), ¢, or. € C}(R) and the following requirements are fulfilled:
L(t) > Lo >0 for all t € [t4,00); AL(t)+rr(t)+r(t) # 0 for sufficiently large ||
such that [\ > Ly and all ¢ € [ty,00); there exists a number R > 0 such that
(6.8) holds for all t € [ty,00), |lzp, (t)]| = |z1]||(1, —r(t), - 1)T|| > R.
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