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By using a monotonic functional on a suitable matrix space, some new oscillation
criteria for self-adjoint matrix Hamiltonian systems are obtained. They are different
from most known results in the sense that the results of this paper are based on
information only for a sequence of subintervals of [tg, 00), rather than for the whole
half-line. We develop new criteria for oscillations involving monotonic functionals
instead of positive linear functionals or the largest eigenvalue. The results are new,
even for the particular case of self-adjoint second-differential systems which can be
applied to extreme cases such as Amax|[— ft(;o C(s)ds] = —o0.

1. Introduction

In this paper, we consider the following self-adjoint matrix Hamiltonian system

!
X/(t) A(H)X (1) + BTt)Y(t)7 } — an
Y/(t) = C(H)X(t) - ATV (1),
where X (t), Y(¢t), A(t), B(t) and C(t) are n x n real continuous matrix functions
with B(t) = BT(t) > 0, C(t) = CT(t). Here and below, the transpose of matrix
M is denoted by MT and its positive definiteness is denoted by M > 0. In what
follows, we denote by S the subspace of all n x n symmetric matrices and by E,, € S
the identity matrix.

A solution (X (¢),Y (¢)) of system (1.1) is said to be non-trivial if det X (¢) # 0
for at least one t € [tg, 00) and a non-trivial solution (X (¢),Y (¢)) of (1.1) is said to
be prepared or self-conjugate if

XTY@t) - YT X(t) =0, t>to. (1.2)

System (1.1) is said to be oscillatory on [tg, 00) if there is a non-trivial prepared
solution (X(¢),Y(¢)) of (1.1) such that det X (¢) vanishes at least once on [T, 00) for
each T > to. Otherwise, it is said to be non-oscillatory. It is well known [14, theo-
rem 8.1, p. 303] that if system (1.1) is oscillatory, then every non-trivial prepared
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solution (X (¢),Y (t)) of (1.1) has the property that det X () vanishes at least once
on [T, 00) for every T > to.

The oscillatory properties of (1.1) are important in the optimization of certain
functionals associated with (1.1). Therefore, such properties have been studied quite
extensively. In particular, letting A(t) = 0, P(t) = B~1(¢) and Q(t) = —C(t), the
system (1.1) reduces to the self-adjoint system

(PO)X'(1) + Q)X (t) =0, (1.3)
and to
X"'"t)+Qt)X(t)=0 (1.4)

for P(t) = E,. In these cases, for the matrix system (1.1) and less general sys-
tem (1.3), as well as (1.4), oscillation has been the subject of study by several
authors for many years, as seen in [1-6,9,10,12-18] and references therein. Some
results have concentrated on showing that (1.1) is oscillatory by applying a posi-
tive functional (see [10,16-18]). Several others have involved the eigenvalues of the
integrals of A(t), B(t) and C(t) (see [1,2,4,6,13,15] and references therein).

For any K € S, we assume its eigenvalues A\;[K], i = 1,2,...,n, are ordered such
that Apin[K] = An[K] < -+ < M[K] < M[K] = Amax[K]. It was conjectured by
Hinton and Lewis [6] that (1.4) is oscillatory if

t
tgrgo Amax {/o Q(s) ds} = 00.

This conjecture was partly proved by several authors and finally settled by Byers
et al. [2]. The result has a more general form that is applicable to the system (1.4),
(1.3) and (1.1) (see [1-4,9,10,12,13,15]).

In 1987, Butler et al. [1] showed that the system (1.4) is oscillatory when

1 t
lim sup ;/ Amax|[@(8)] ds = o0,
a

t—o0

1 t T
lim inf f/ (tr/ Q(s) ds) dr > —o0.
t—oo t J, a

In 1993, Erbe et al. [4] proved that system (1.4) is oscillatory if

provided that

t
lim sup i/\maX [/ (t—3s)"Q(s) ds] dt = o0 (1.5)
t—o00 tm a

for some m > 1.

In 2003, by using a monotonic subhomogeneous functional g of degree p on S,
Yang et al. [16] and Meng et al. [12] obtained oscillation theorems for (1.1) which
extend those of Erbe et al. [4] and Kamenev [7], respectively. Other oscillation
results based on the Wintner-type criterion for (1.1) and the special system (1.3)
can also be found in the recent paper [18] and the references therein.

There are many other oscillation criteria. System (1.1) is obviously an extension
of (1.3). On the one hand, we notice that, in the criteria given by [1-4,6,10,13,18],

https://doi.org/10.1017/50308210500004285 Published online by Cambridge University Press


https://doi.org/10.1017/S0308210500004285

Oscillation theorems 1087

only the largest eigenvalue or the positive linear functional of some integrals is
involved. It is not clear from these how oscillation is affected by the other eigenvalues
and the other functionals. On the other hand, many papers involve P(t) and the
integral of Q(¢) and, hence, require the information integral of Q(t) on the entire
half-line [tg, 00). But, from the Sturm separation theorem, if there exists a sequence
of subintervals [a;, b;] of [tg,00), as a; — oo, such that for each i there exists a
solution of the scalar equation (1.3) that has at least two zeros in [a;, b;], then every
solution of the scalar equation (1.3) is oscillatory, no matter how ‘bad’ the scalar
equation (1.3) is (or P and @ are) on the remaining part of [tg, c0). In [3,8,9,15,17],
however, some interval criteria were established for the oscillation of (1.3) and for
second-order scalar differential equations. However, these oscillation criteria in the
literature are unable to be used to study the matrix Hamiltonian system (1.1).
Results in [3,8,9,15,17] are substantially different from the existing results for
oscillation. Moreover, the conditions of all theorems in Meng et al. [12] involve a
fundamental matrix solution &(t) of the system o’ = A(t)z, which cannot be solved
in a closed form except for in a few special cases. In view of these facts, it is therefore
of interest to find new oscillation criteria for (1.1).

This paper establishes some new oscillation criteria for the self-adjoint Hamilto-
nian matrix system (1.1) which improve the previous results, even for second-order
ordinary differential equations. We approach our goal by means of a somewhat gen-
eral monotonic functional ¢, as well as a new matrix Riccati-type transformation
containing commonly used generalized Riccati transformations W (t) = {v(Y X~ +
fB~H1}(t) and the other generalized Riccati transformation W (t) = (uY X ~1)(t),
where v(t) = exp{[ 'f (s)ds}. Our results will reveal that not only the positive
linear functional but also the nonlinear functional may be used to determine the
oscillation. In particular, the theorems obtained in this paper further replace the
conditions in the theorems of [12] by conditions independent of any fundamental
matrix solution, i.e. involving only the coefficient matrices A, B and C'. Moreover,
by choosing appropriate functionals ¢ and averaging functions, we can present a
series of explicit oscillation criteria. Thus, the results of this paper extend, improve
and unify a number of existing results. For more details, see remarks 2.4, 2.9, 2.10
and 2.11.

This paper is organized as follows: §2 states the main results, and their proofs
are given in §3.

To state some of our theorems we need the following definitions and a lemma.

DEFINITION 1.1 (Meng and Mingarelli [12]; Yang and Cheng [16]). A functional ¢
such that & — R is said to be monotonic (or non-decreasing) if J — K > 0 implies
that ¢[J] = q[K] for J, K € S.

DEFINITION 1.2. A functional ¢ : § — R is said to be subhomogeneous if ¢[AK] <
A¢[K] whenever K € S and A > 0. Furthermore, a functional ¢ : § — R is said to
be subhomogeneous of degree p if there exists a 4 € R such that, for any K € S,
any A > 1, ¢[AK] < Mq[K].

The first part of definition 1.2 is found in [5] and the second in [12].
DEFINITION 1.3 (Hartman [5]). A linear functional L : & — R satisfying
LK +J] = L[K] +L[J],  LAK] = AL[K]
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for K, J € S, A € R, is said to be ‘positive’ if L[K] > 0 whenever K € S and
K >0.

Denote the eigenvalues of an n x n Hermitian matrix K € S by
MK, A K], .. A [K],

where Apin[K] = A [K] < -+ < X[K] < M[K] = Anax[K]. We may note that,
because of the classical characterization of the eigenvalues of matrix in S, the func-
tional ¢[K] = N[K] (i = 1,2, ...,n) is a monotonic functional which is traditionally
called the ‘eigenvalue’ functional. On the other hand, it is readily verified that if
P > 0 in S, then the nonlinear functional ¢[K] = N[K + P] (i = 1,2,...,n) is
also a monotonic functional and \;[K + P] > A;[K]. Furthermore, it is easy to see
that the nonlinear trace functional on § defined by ¢[K] = tr[K + E,] is also a
monotonic functional. Moreover, a positive linear functional L is also a monotonic
functional and L[J] > L[K] for J > K with J, K € S.

LEMMA 1.4. Let ¢(t) and 6(t) be positive and smooth real-valued functions on
[to,00). Then the system (1.1) is oscillatory if and only if

U'(t) =A)U(t) + ZSEE))B(t)V(t) + ;(ZZ + g) ®U(t),
R (1.6)
V() = o) - ATV + 5 (5 + G ) ove

s oscillatory, where

Cy(t) = ZE?){CJF %(B_lA—i-ATB_l) + (Z)B_l) — wB_l}(t), (1.7)

vy = 20 (i - i)w = 9“){; [1“ (5((3] }

Proof. Let us make a change of unknown variables:
Ut) = (¢X)(2), V()= (0Y +aB ' X)(t). (1.8)
Then system (1.1) becomes (1.6). O

REMARK 1.5. Note that the ratios ¢/ and ¢/ appear in (1.7), and
o0 (11,607
o(t) 2| o) |[) "
w(t) = o) = exp{? /tg(s) ds},

(t)
where g € C'([to,00),R), then (t)/0(t) = g(t), ¥(t)/(t) = w(t)g(t), and Ci(t)

in (1.7) becomes

Ci(t) =wt){C+ g(B7'A+ ATB™ ) + (9B~ — ¢*B71}(1).

If we let
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2. Kamenev-type theorems

Throughout this paper, we always assume that functions pu € C*([tg, 00), (0, 00)),
f € CY([tg, ), R), ¢ and 6 € C*([ty, 00), (0,00)). Let

o —exp{ /f } Bilt) = B, >t (2.1)

Motivated by the ideas of Kong [8] and Yang [15,17], we use H(t, s)k(s) instead
of H(t,s) and state the following concept which will be used extensively in the
remainder of the paper.

DEFINITION 2.1. Let D ={(t,s) : t = s > to}, Do = {(¢,s) : t > s > to}. The real-
valued functions (H,k,u) € H if there exist functions k, u € C*([tg, 00), (0, 00)),
H € CY(D,R), hy and hy € C*(Dy,R) satisfying the following conditions:

(H1) H(t,s) =0 fort > s> tg, and H(t,t) =0 for t > to;

(H2) gt(H(t s$)k(t)) + H(t, s)k(t) /;/((f)) =hy(t,s), forall (¢,s) € Dy;
d wis) _
(H3) GS(H(t s)k(s)) + H(t, s)k(s) PO —ho(t,s), forall (x,s) € Dy.

For the case (H(t,s),k(s),u(t)) = (H(t — s),1,1) € H, we find that hi(t,s) =
ha(t,s) := h(t — s). The subclass of H containing such (H(t — s),1,1) is denoted
by H € Hy.

The main theorem of this paper is the following interval criterion for the oscilla-
tion of system (1.1).

THEOREM 2.2. Let (H,k,u) € H. Suppose that, for each T > to, there existb,c,d €
R with T < b < ¢ < d such that one of the following two conditions holds.

(I) The following inequality is satisfied:

)T(s)ds + 27— / H(d, s)k(s)T(s) ds
1
(c’b)/[ (P + 12 (s, ”d‘”H(d,c)/c[ (J9 + J9%)(d, s)] ds.  (2.2)
(IT) There exists a monotonic functional ¢ on S such that either
¢ d
q[H(i b)/b H(s,b)k(s)T'(s)ds + ﬁ/ H(d,s)k(s)T(s) d5:|

;0_01 02) s;d_m (g ds
>q{H(C’b)/b[ (Ji°+Ji7)(s,0)]d +H(d’c)/c[ (JO + J92)(d, )]d@]g)
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[ HieD) /{Hsb s) 4+ J)(s,b)} ds
/ {H(d,s) s) + J3'(d, s)}ds}
d
>q{H(ib)/ [—JP2(s,b)] ds + H(:i c)/ [—J92(d, s)] ds}, (2.4)
where T(t) = p(t)v(t)(=Cy — f[A+ AT+ 2By — f'E,)(t) and C,(t) is defined as
in (1.7),
Ji(s,1) = H(s, )k(s)v(s)u(s)[f(A+ AT) — ATB 1 Al(s)
+o(s)u(s)[zha(s.t) + H(s, )k(s) f()][AT By ' + By Al(s),
JP%(s,t) = —v(s)(s)[{3(H (s, 0)k(s)) 2R (s, 1) + (H(s, 0)k(s))/? f(5)}
x By (s) 4 (Hs, k(o) 2B (25)
and

J9N(t,s) = H(t, 5)k(s)v(s)p(s)[f(A+ AT) — ATB T A|(s)
—w(s)u(s)[Sha(t, s) + H(t, s)k(s) f(s)][AT By + By L 4](s),
J92(t,5) = —v(s)p(s)[{ L (H(t, 5)k(s) "2 ho(t, s) + (H(2t, 5)k(s)) 2 f(s)}
x By V2 (s) — (H(t, s)k(s)Y2f(5) By ()] (2.6)

Then system (1.1) is oscillatory.
By applying theorem 2.2 to the subclass Ho of H, we get the following results.

THEOREM 2.3. Assume for any Ag > a, that there exists H € Hy such that one of
the following two conditions holds.

(I) For Ag <b<c,

/ " H(s—b){(To(s)+ To(20—s)} ds > / (T (5 b)— (T4 5 (2e—5)} .
2.7)

(IT) There exists a monotonic functional ¢ on S satisfying the condition that,
for Ay < b < ¢, either

q[/jH(s — b){To(s) + To(2c — s)}ds]

> q [_ /C{(Jﬁ% +T92) (s — b) + (JO 4 J9)(2¢ — 5)} ds (2.8)
b
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or

q [ /b (s — b)[To(s) + To(2e — )] + % (s — b) + J% (2c — 8)]} ds

> q[— /bc{,]%(s —b) + J35(2c — s)} ds|, (2.9)
where To(t) = v(t)(—Cy — f[A+ AT + f2By — f'E,)(t) and Cy(t) is defined as
in (1.7),

Jio (s = b) = ( b)u(s)[f(A+ AT) — ATBAl(s)
+u(s)[5h(s = b) + H(s = b) f()|[ATBT ' + By ' A](s),

[5h
JU3 (s —b) = —v(s)[{2(5H(s — b)) "/2h(s — b) + (6H (s — b))1/2f(s)}B1_1/2(s)
+ (TH(s — b))Y/2f(s)BL/%(5)]

and

IR (2¢—s) = H(s — b)v(2c — s)[f(A+ AT) — ATB 1 A](2¢ — 5) — v(2¢ — s)
1h(s —b)+ H(s —b)f(2c — 8)|[A"Br* + Byt 4] (2¢ — s),
IR (2¢c — 8) = —v(2¢c — 5)

x [{5(H(s = 0))7?h(s = b) + (H(s — b))"/*f(2c — 5)}

x By ?(2¢ — 5) — (H(s — b)) /2 (2c — 5)By/*(2¢ — )],

x|

Then system (1.1) is oscillatory.

REMARK 2.4. Assume that K, P € § and P > 0. Let ¢[K] be a monotonic func-
tional. Take ¢[K] = N[K] (i = 1,2,...,n) or L[K] as in theorems 2.2(IT) or 2.3,
respectively, with the other conditions unchanged. Then system (1.1) is oscillatory.
Also, if we take the nonlinear functional ¢[K] = N[K + P] (i = 1,2,...,n) or
tr[K + E,] in theorems 2.2(II) or 2.3 with the other conditions unchanged, then
system (1.1) is still oscillatory.

Next consider theorem 2.2 with special functions such as k(t), u(t), f(t), H(t,s)
and special monotonic functional such as q. Then, we apply theorem 2.2 to get the
following interesting theorems.

THEOREM 2.5. Let (H, k,u) € H. Suppose, for each I > to, one of the following
two conditions holds.
(I) The inequalities are both satisfied:

lim sup / t{H(s, DE($)T(s) + (JP + JP2)(s,0)}ds > 0 (2.10)
and
liinsup /t{H(t, $)k(s)T(s) + (JI* + JP)(t,s)} ds > 0. (2.11)
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(IT) There exists a positive linear functional L satisfying

liltrnsup /t{H(s,l)k(s)L[T(s)] + L[ 4 TP (s,0)] ds > 0 (2.12)
and
lim sup /t{H(t, $)k(s)LIT(s)] + L[(JS* + J32)(t,s)]} ds > 0, (2.13)
t—o00 1

where T(t) = u(t)v(t)(—Cy — fI[A+ AT + 2By — f'E,)(0t) and Cy(1t) is defined
as in (1.7), JOY(3s,t) and JV?(4s,t) are defined by (2.5), J(t,s) and J9?(t,s)
by (2.6). Then (1.1) is oscillatory.

Now, we choose H(t,s) = (t — s)* for a > 1 and p(t) = k(t) = 1, f(¢t) = 0 for
t > to. Then H € Hgy and h(t — s) = a(t — s)*~ 1. Based on theorem 2.2, we obtain
the following result.

THEOREM 2.6. Let B be a constant matriz and By *(t) < B for t > to. Then
(1.1) is oscillatory provided that, for each I > ty and for some o > 1, one of the
following conditions holds.

(I) The following two inequalities hold:

o2
hmsup / {(t—s)*M(s) + 2a(t — s)* ' N(s)} ds > mB (2.14)
and
o2
M(s) — ta(s —1)*"'N(s)}ds > mB‘ (2.15)
(II) There exists a monotonic functional g such that
hmsupq[ /{t—s )+§O‘(t_8)a_1]\f(s)}ds} >q[4(;é_1)3}
(2.16)
and
t o2
ligirisgpq Lal_l /l {(s=D)*M(s) — %a(s — )" IN(s)} ds} > q [4(04_1)3} ,
(2.17)

where M(s) = —(Cy + ATB7YA)(s), N(s) = —(ATBy! + B PA)(s) and C1(t)
defined as in (1.7).

Define

and let
H(t,s) = [R(t) — R(s)|", ¢ > to,

where o« > 1 is a constant.
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THEOREM 2.7. Suppose that lim;_,, R(t) = oo holds. Let By be a constant matrix
and B7Y(t) < By for t > to. Then system (1.1) is oscillatory provided that, for
each 1 >ty and for some oo > 1, one of the following two conditions holds.

(I) The following two inequalities are satisfied:

hmsup RO‘ T / {IR (s)]*M(s) + Sa[R(t) — R(s)]* ' No(s)}ds

> 4(;:)30 (2.18)
and
hmsup RO‘ T / {[R (D]*M(s) — 2a[R(s) — R(1)]* 'No(s)} ds

> 4(;:)30. (2.19)

(IT) There exists a positive linear functional L such that

. 1 i « 1 a—1
hgigpm/l {[R(t) = R(s)|"L[M (s)] + 3a[R(t) — R(s)]"" L[No(s)]} ds

042

> fa -t 2:20)

and

fimsup e [ {IRG) — ROILM ()] = SalA(s) ~ RO LN ()]} ds

T—r 00

a2

> mL[BO], (2.21)
where M(s) = —(Cy + ATBy1A)(s), No(s) = —(ATB~' + B~ A)(s) and Cy(t)
defined as in (1.7).

From the above oscillation criteria, we can obtain different sufficient conditions for

the oscillation of all prepared solutions of system (1.1) by choosing H (¢, s) = (t—s)*
for a > 1.

THEOREM 2.8. Let By be a constant matriz and Bl_l(t) < B fort > tg. Then
system (1.1) is oscillatory provided that, for each I > ty and for some a > 1, one
of the following two conditions holds.

(I) The following inequality is satisfied:

li?isolip pro /l [(s—=0)*(M(s)+ M2t —s))+ 2a(s —1)* " (N(s) — N(2t — 5))] ds

02

> mB. (2.22)
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(IT) There ezists either a monotonic subhomogeneous functional g or a positive

linear functional g on S such that

lim sup
t—o0

tal_l Q{/l [(s = )*(M(s) + M(2t — s))

o

+ a(s — DMHUN(s) - N2t - 5))] ds} T 3a-1)

q[B],
(2.23)

where M(s) = —(C1 + ATB;TA)(s), N(s) = —(ATB;! + By'A)(s) and Cy(t)
defined as in (1.7).

REMARK 2.9. Our results improve and generalize earlier results by Kumari and
Umamaheswaram [10, theorems 2.3-2.9], Meng and Mingarelli [12], Yang and Cheng
[16] for (1.1) and Kong [8,9], Meng et al. [13], Erbe et al. [4] for (1.3) or its special
cases, and many existing results for the scalar system z”(t) + q(t)x(t) = 0.

REMARK 2.10. Theorems 2.6-2.8 give an improvement of the Kamenev criterion [7]
to the Hamiltonian system (1.1). If we compare theorems 2.6-2.8 with the Kamenev-
type condition (1.5), we can see that the former is an essential improvement of the
latter. In particular, takingn = 1, A(t) = 0, B(t) = 1 and C(t) = —/t2, from (1.1),
it then follows the Euler equation

g
() + t—2x(t) =0. (2.24)
It is well known that (2.24) is oscillatory for v > i and non-oscillatory for v < i.
Applying theorem 2.6 to (2.24), we see that (2.24) is oscillatory for v > 1 (see

example 2.14, below). This implies that our results are sharper.

REMARK 2.11. Although the conditions in theorems 2.2, 2.3 and 2.5-2.8 seem to
be more complicated than the previous ones, with appropriate use of the functions
H, k, f, u, ¢, 0 and functional ¢ and from theorems 2.2, 2.3 and 2.5-2.8 we can
derive a number of oscillation criteria. For example, we choose pu(t) = k(t) = 1 for
t > to. Then theorems 2.2, 2.3 and 2.5 can reduce to many interesting conclusions.
Furthermore, let ¢(t) = 6(t) = 1 for ¢t > to. Then Cy(t) = C(t) for ¢t > . Therefore,
from theorems 2.2, 2.3 and 2.5-2.8, many other corollaries follow. Moreover, by
applying theorems 2.2, 2.3 and 2.5-2.8 in the special cases considered, one can
derive many new criteria for the oscillation of the system (1.1) by varying the
positive linear functional and the nonlinear functionals as considered. The details
are omitted here.

The following example illustrates theorem 2.3. It is easy to see that [10, theo-
rem 2.2] is not applicable in our example. Furthermore, the results in [1-9,13,15,17]
are also not suitable since A(t) Z0 or n # 1.

EXAMPLE 2.12. Consider the four-dimensional Hamiltonian system (1.1), where

I R U A
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and X and Y are n x 2 matrix functions of ¢ on [0, ), and ¢;(t) (i = 1,2) are given

as follows:
5(t — 3n), 3n<t<3n+1,
qi(t) = ¢ 5(—t +3n+2), 3n+1<t\3n+27
& (1), 3In+2<t<3n+3,

n € Ng=1{0,1,2,3,...}, &(t) (i = 1,2) are arbitrary functions such that ¢;(¢) is
continuous.

Nevertheless, &;(t) can be selected as a ‘bad’ term C(¢) such that either the
integral fo qi(s) ds does not exist, or

Amax[—/ooo C(s) ds] — o

So the results of [1-18] cannot apply to the system containing the coefficient (2.25).
In fact, the system containing the coefficient (2.25) is oscillatory by theorem 2.3.
We now give a proof.

)

Proof. Choose ¢(t ) 0(t) =1
Then v(t) = 1, By \(t) = B(1),
computation, it follows that

(

f(t) =0, p(t) = k(
Cu(t

t)=1and H(t —s) = (t — s)%
) = C(t) and h(t

,8) = 2(t — s). After a simple

(C+ ATB1A)(s) = diag(ar(s) — 2, @2(s) = 1), (ATB~'+ B-1A)(s) =0,
H(s — b)To(s) + Jo? (s — b) = diag(a1(s), ¢2(5)),
H(s —b)Ty(2¢c — 5) + Ji3(2¢ — s) = diag(q1(2¢ — ), g2(2¢ — 8))
and
Ji(s —b) = —diag(1,3),  J§9(2c—s) = —diag(1, 3).

For any [ > 0 there exists n € Ny such that 3n > [. Let b = 3n, ¢ = 3n + 1 and
q[K] = Amax[K]. By some simple computations, we find that (2.9) holds. Then, by

theorem 2.3(II), the system containing the coefficient (2.25) is oscillatory. O
EXAMPLE 2.13. Let a be a constant. Consider the four-dimensional system (1.1),
where
an=1° 9, Boy=[' 9. cy--["+7 .0 £>0
~|-a 0]’ 0 1)” B 0 1

(2.26)
and X and Y are 2 x 2 matrix functions of ¢ on [0,00). With theorem 2.5, the
verification of oscillation for the system containing the coefficient (2.26) is valid. Let
o) =0(t)=k(t)=1, f(t) =%, u(t) =e' and H(t,s) = (t —s)?. Then v(t) = e~ ?,
By(t) = By, C1(t) = C(1), h(t.) = (t — $)(2+1 — 5), ha(t,) = (1 )2 — 1 +5)
and

T(t) = p(t)o(t)(—C1 — f(AT + A) + 2By — f'Eq)(t) = —C + 1B,
(ATB7YA)(s) = a®Es.
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Define L[K] = k11, where K = (k;;) € S. By some simple computations, we obtain

Jim sup /l (H (s, )k(s)L[T()] + L{(JO + J%)(s, )]} ds

t—o0

= lim sup/l {(s — 1)’L[diag(1, —1)] — +(2+ s — 1)®L[diag(1, 1)]} ds

t—o0

=limsup{i(t—1)* -3t —-0)*—(t—1)}

t—o0

>0

and

Jim sup /Z (H(t, $)k(s)L[T(s)] + L[(JO* + J92)(t, )]} ds

t—o0
=limsup{3(t— 0> + 1t = 0> = (t—1)} > 0.
t—o0
It follows from theorem 2.5(IT) that the system containing the coefficient (2.26) is
oscillatory. In fact, let @ = 0. Then
V34 sin ?t —§ sin @t V3 V3¢

B} -5 COS 5~

COS B} B}

SOOI A Y
exp{ 5t} exp{5t} B exp{ Gt} 5 exp{5°t}

is such an oscillatory solution of the system containing the coefficient (2.26). How-
ever, if a = :i:% in the system containing the coefficient (2.26), then we have

tr[~C(#)] = 0.

The following example uses theorem 2.6.

EXAMPLE 2.14. Let v; (1 < ¢ < n) be constants and v, > L Consider the 2n-

dimensional system (1.1), where !

At) = Onxn,  B(t)=E,,  C(t) = —diag(z; s Zg) (2.27)
and X and Y are n x n matrix functions in ¢ on [1,00). The previous results
in [1-16, 18] are relatively difficult to calculate for the case (2.27). However, with
theorem 2.6, the verification of oscillation for the system containing the coefficient
(2.27) is valid. Choose ¢(t) = 6(t) = 1. Then By(t) = B(t) and Ci(t) = C(t).
Furthermore, it is easy to see 0 < B~1(t) < E,,, M(t) = —C(t) and N(t) = 0.

Define ¢[K] = L[K] = k11, where K = (k;;) € S. By theorem 2.6(II), the system
containing the coefficient (2.27) is oscillatory.
For @ > 1, we may get theorem 2.6(II) if

t o2
h?ixsolip tal_l /l (s = D)“L[-C(s)]ds > mL[En] (2.28)

and

1 t
lim sup taj/l (t —s)L[-C(s)]ds > %

t—o0
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Indeed, (2.28) and (2.29) are equivalent to

t 2
(s—l)o‘%ds— gi! > o 1.2 1

or > s > 5.
t—o0 to— 1 a—1 4((1—1) m 4 4

3. Proofs of the main results

Before proving theorem 2.2, we need the following lemmas. We believe that the
following lemmas, which will be used in establishing oscillation criteria for (1.1),
are of independent interest.

LeMMA 3.1. Let (U(t),V (t)) be a prepared solution of (1.6) such that det U () # 0
on [tg,00). Then for all u € C*([tg,0),(0,00)) and f € C*([ty,00),R), the matriz
function W (z) on [tg,00) defined by

W(t) = u&)o)[V (U (E) + f()En] = u(t)Z(2) (3.1)
satisfies the Riccati system

/

W(t) = (”W) (t) — [;UWBlW + ATW + WA — f(WBy + BiW — 2W) | (¢)

W
—-T(t), (3.2)
where T(t) = p(t)v(t)(=C1 — f[A+ AT] + f2By — f'E,)(t) and C1(t) is defined as
in (1.7).
Proof. From (1.2), (1.8) and (3.1) it follows that
WE(t) = p(t)o(t){[U~ ]TVT + fEn}(?)

— w6 X TOYT 4 aXTBY 4 FE) ()

= p)o(t){o” 19[ TXTYX T o7 alXTTXTBT 4 fEL (1)

= W E(OY +aB~ X) (671X + FE (1)

= u(t)yoO{VU™! + fE}(t) = W (1),

which implies that W is Hermitian. Differentiating the Hermitian matrix (3.1) and
invoking (1.6), we obtain

W (t) = 1/ (DZ(t) + () Z'(2)

()

+ (,uv)(t){— [ATZ +ZA+ %ZBlZ (t)

+ (f[ZB1 4+ B1Z —2Z))(t) — (;T) (t)}
= (“/W) (t) — UUWBlW + ATW + WA
— f(WBy + BiW — 2W)] (t) —T(t)

for ¢ € [to, 00). O
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LEMMA 3.2. Let (U(t),V(t)) be a prepared solution of (1.6) such that det U (t) # 0
on [C, d) c [th OO) For all IS Cl([t()’OO), (0,00)), f € Cl([t(),oo)vR); let

W(t) = u)[V(OU () + f(O) E] = p(H) Z(t), t € [e,d).
Then, for any (H,k,pn) € H,

d d
/ H(d,s)k(s)T(s)ds < H(d,c)k(c)W(c) + / [—(J9" + J9)(d, s)]ds, (3.3)

where
T(t) = p(t)o(t)(=C1 — fFIA+ AT] + f2B1 — f'En)(1),
C1(t) is defined as in (1.7), J91(d, s) and J9*(d,s) are defined as in (2.6).
Proof. By lemma 3.1, W(z) satisfies the Riccati system (3.2). Replacing ¢ by s
in (3.2) and then multiplying the subsequent equation by H (¢, s)k(s) and integrating

with respect to s from c to t (d >t > ¢), and then after some simple computation,
we have

t
/HtsksTs )ds

/Hts $)W'(s ds+/Htsk()Z((j))W(s)ds

/Hts { WBW + A™W + WA — f(WBy + BiW — 2W)}()d

= C C C)— t 4 S - S S 'u/(S)
= HLORAW(E) ~ [ |5l k()] - H(t h(e)

}W(s)ds
/Hts [ WBW 4+ A™W + WA - f(WBl+31W—2W)}()d

_ H(t, o)k / 51 ~1(s)ds, (3.4)

where

and

G(t,s) = H(t, s)k(s){[SWS][SWS|}(s) + [h2(t, s) + 2H (t, )k (s) f(s)|(SWS)(s)
+ H(t, s)k(s){S[A™W + WA — f(WBy + ByW)]S}(s).

Let

Q(t,s) = [H(t, s)k(s)]Y/2[SW — fuvS + S~ A|(s)
+{S[H(E, )k(s)] 72 ha(t, s) + [H(t, )k(s)] /2 f(s) 1S (s).
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Then

QT(t, s) = [H(t, s)k(s)]l/Q[WS — fuuS + ATS*}(s)
+ {LH(t, $)k(s)] 72 ha(t, s) + [H(t, k()] f(5)}S71(5).
Note that
[ho(t, s) + 2f(s)H < s)k(s)]W (s)
+ H{(t, s)k:(s) WB1W+ATW—|—WA f(WBy + BiW)|(s)
(s)G( 5)S7"(s)
< QTQ)(t,s) + H(t, s)k(s)u(s)u(s)[f(A+ AT) — ATBT 1 Al(s)
—v(s)u(s){ L ha(t, s) + H(t, s)k(s) f(s)}[AT By ' + By Al(s)
—w(s)u(s){[5(H(t, 5)k(s)) " 2ha(t, s) + (H(t, )k(s)Y2f(s)] By (s)
— (H(t, 5)k(s)) /2 f(s)B1* ()}
= (QTQ)(t,5) + (JO' + J)(t, s). (3.5)
By (3.4) and (3.5), we obtain

@

/ H{(t,s)k(s)T(s)ds = H(t, c)k(c)W (c) —/ {(@TQ)(t5) + (J3" + J3*)(t,5)} ds,

which implies that

/ H(t, 5)k(s)T(s) d

— HEOMAW©) + [ [+ )t s))ds — [ (@@t ds

< H(t, e)k(c)W(c) + /t[—(ng + JI)(t,5)]ds, teed). (3.6)

Letting t — d~ in (3.6), we obtain (3.3). This completes the proof of lemma 3.2. O

LEMMA 3.3. Let (U(t),V (t)) be a prepared solution of (1.6) such that det U (t) # 0
on [b,c) C [to,00). For all u € C([to,0),(0,0)), f € C([ty,0),R), let

W (t) = pt)o®) V(U (1) + F(O) B = u(t)Z(t), t e (b,d].
Then, for any (H,k,pn) € H,
/ H(s,b)k H(c,b)k(c)W(c) +/bc[—(J{’1 + JP)(s,b)]ds,  (3.7)

where
T(t) = u(t)o(t)(=Cr — fIA+ AT+ f2B1 — f'E,) (1),
C1(t) is defined as in (1.7), and JP1(d, s) and J?(d, s) are defined as in (2.5).
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Proof. Now go back to (3.2), replace t by s, multiply by H(s,t)k(s), and integrate
the result with respect to s from ¢ to ¢ for ¢ € (b, ], to obtain

/CH(s,t)k(s)T(s)ds

/Hst W' (s ds+/H k()/::((;)W(s)ds

/Hst { WBW + [ATW + WA — f(WBl—i—BlW)—2W]}()d

= —H(c,t)k(c)W (c) + /tc[hl(s,t) +2f(s)H(s,t)k(s)]W(s)ds
/ H(s,t)k { WBIW + [ATW + WA - f(WB, +31W)]}( )ds
= —H(c,t)k(c)W(c) — /t {(@QTQ1)(s,t) + (J7" + J1?)(s, 1)} ds, (3.8)

where

and
Q1(s,t) = [H(s,t)k(s)]'/2[SW — fuvS + S™1A](s)

— [[H (s, t)k(s)] "/ ?ha(s,t) + [H (s, t)k(s)]/2 £(5)]S 7" (9).
Note that
(QTQ1)(s,t) = H(s,t)k(s) iWBlw + ATW + WA - f(WB, + BiW)|(s)

— [ha(s,t) +2f(s)H (s, t)k(s)]W (s) — Ji(s,1),
where Ji(s,t) is defined as in (2.5). It follows from (3.8) that
/tc H(s,t)k(s)T(s)ds = —H(c, t)k(c)W (c)
+ [ o ias- [ @iennds

< —H(c, t)k(c)W (c) + /tc[—(J?1 + JP?)(s,t)] ds.

Letting t — b™ in the above inequality, we obtain (3.7). The proof of lemma 3.3 is
complete. O

LEMMA 3.4. Let (H,k,u) € H. For any prepared solution (U(t),V(t)) of (1.6),
det U(t) # 0 in the open interval (b,d). Then, for any constant ¢ € (b,d) C [tg, 00),
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1 ¢ 1 d
m/b H(va)k(S)T(S)derm/c H(d, s)k(s)T(s) ds
1 c

_ /701 02 1 d_ o1 02
< H(C’b)/b[ (1" + 7y )(s7b)}ds+H(d,c)/c[ (IO 4+ J9?)(d, s)]ds, (3.9)

or there exists a monotonic functional ¢ on S such that

1 ¢ 1 d
q{H(cb)/b H{(s,b)k(s)T(s) ds+m/c H(d,s)k(s)T(s) ds}
[, 02y (¢ s;d_m (4 o)l de
<q[H(cyb)/b[ (17 + ), bl d +H(d’c)/c[ (J3' + J5%)(d, )(]d]),
3.10

where T(t) = u(t)v(t)(—=Cy — fl[A+ AT + f2By — f'E,)(t), Ci(t) is defined as
in (1.7), and J1(s,t) and Jo(t,s) are defined as in (2.5) and (2.6), respectively.

Proof. From lemma 3.2 and dividing both sides of (3.3) by H (b, ¢), it follows that

L r s s)T(s)ds < —k(c)W(c L[ 02y (s s
H(c’b)/b H(s,b)k(s)T(s) ds < —k(c)W ( )+H(C7b)/b[ (JO1 4 J02)( ,b)(]d _)
3.11

By lemma 3.3 and a similar argument to that above, we obtain

d d
ﬁ/ H(d, 5)k(s)T(s) ds < k()W (c) + ﬁ/ (= (3" + J5%)(d, 5)] ds.

(3.12)

Then, adding (3.11) and (3.12), it follows that (3.9) holds.
Furthermore, by using (3.9) and the monotonic functional ¢ on S, we obtain
(3.10). The proof is complete. O

COROLLARY 3.5. Let (H,k, ) € H. Suppose also that, for sufficiently large Ag >
to, there exist b, ¢, d € R and Ay < b < ¢ < d satisfying either case (I) or case (II)
of theorem 2.2. Then, for any prepared solution (U(t),V (t)) of (1.6), detU(t) has
at least one zero in (b, d).

Proof of Corollary 3.5. Assume that there is a prepared solution (U(t),V(t)) of
the system (1.6) such that detU(t) # 0 for ¢ € (b,d). This allows us to make a
transformation (3.1), that is,

W(t) = p(OuO[V(OUT () + f(O)Ea] = n(t)Z(t).

From lemma 3.4, it follows that (3.9) holds. We then reach a contradiction to (2.2).
Similarly, we can obtain (3.10), which contradicts (2.3). O

Proof of theorem 2.2. The proof is by contradiction. First, we prove the case (2.2).

Without loss of generality, one can assume that there is a prepared solution
(X(t),Y(t)) of the system (1.1) such that det X (¢t) # 0 for ¢ € [T,00) with T >
tg. Furthermore, it follows that there is a prepared solution (U(t),V(¢)) of the
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system (1.6) such that detU(¢) # 0 for t € [T,00) with T > to. Pick a sequence
{T;} C [T,00) such that T; — oo as i — oo. From (2.2), we know that, for each
i € N, there exist b;, ¢;,d; € R such that T; < b; < ¢; < d;, and (2.2) holds where b,
c and d are replaced by b;, ¢; and d;, respectively. From corollary 3.5, it follows that
det U(t) has at least one zero t;, t; € (b;,d;) (i = 1,2,...). Noting that ¢; > b; > T},
i € N, we see that det U(t) has arbitrarily large zeros. Therefore, for the case (2.2),
(1.6) is oscillatory. Moreover, by lemma 1.4, (1.1) is oscillatory.

In a manner similar to the above argument, for the case (2.3), we can show
that (1.1) is also oscillatory. O

Proof of theorem 2.3. (I) Without loss of generality, one can assume that there is
a prepared solution (X(t),Y(t)) of the system (1.1) such that det X(¢) # 0 for
t € [T,00) with T > to. Furthermore, there is a prepared solution (U(t),V (t)) of
the system (1.6) such that detU(t) # 0 for t > T > to. By lemma 3.4, we find
that if H € Ho and det U(¢) # 0 in the open interval (b,d), then for any constant
c € (b,d) C [tg, 0),

1 ¢ 1 d
He—1b) /b H(s = b)k(s)T(s)ds + a0 / H(d - s)k(s)T(s) ds
1 ‘ 1 2 1 d 1 9
< m/b [= (I + J7%)(s,b)] ds + m/ [~ (9" + J9%)(d, 5)] ds.
(3.13)
In particular, let d = 2¢c —b. Then H(d —c) = H(c—b) = H(3(d — b)), and for any

w € L[b,d], we have

d c
/ H(d— s)w(s)ds = / H(s —bw(2c— s)ds,
c b (3.14)

d c
/ h%(d — s)w(s)ds = /b h%(s — b)w(2c — s) ds.
Hence, (3.13) and (3.14) imply that
/bCH(s  B){To(s) + To(2c — 5)} ds < /:{—Jlo(s S b) = (26— s)}ds, (3.15)

which contradicts (2.7). Thus, det U(t) has at least one zero in the open interval
(b,2¢c — b). Hence, the system (1.6) is oscillatory. It follows from lemma 1.4 that
system (1.1) is oscillatory.

(IT) In a manner similar to the proof of case (I), we can obtain (3.15). Applying
the monotonic functional g to both sides of the inequality (3.15), it follows that

o [ s =0y + ogee - pas] <l [ nls -9 - olee - s,
(3.16)

which contradicts (2.8). Therefore, (1.1) is also oscillatory. O
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Proof of theorem 2.5. (I) For any T > to, we set b = T. On choosing [ = b in (2.10),
there exists ¢ > b such that

/ (H (s, )k(s)T(s) + (JO + J)(s,b)} ds > 0. (3.17)
b
We choose [ = ¢ in (2.11). There then exists d > ¢ such that
d
/ (H(d, )k(s)T(s) + (JO + J22)(d, )] ds > 0. (3.18)

From (3.17) and (3.18), we obtain (2.2). By using theorem 2.2, system (1.1) is
oscillatory.

(IT) For any T > to, we set b = T. We choose [ = b in (2.12). Then by definition 1.3
there exists ¢ > b such that

L{/b [H(s,b)k(s)T(s) + (J{* + JP?)(s,b)] ds} > 0. (3.19)

Let I = ¢ in (2.13). Then there exists b > ¢ such that

d
L{ / [H(d, s)k(s)T(s) + (JO* + J8)(d, )] ds} 0. (3.20)

Tt follows from (3.19) and (3.20) that (2.3) for the case ¢ = L of theorem 2.2 holds.
Based on theorem 2.2, we can conclude the proof. O

Proof of theorem 2.6. Choose k(t) = u(t) =1 and f(t) =0. Then v(t) =1, T(t) =

_Cl(t)7
S (s, 1) = —=[(s = )*ATBy A+ Ja(s — 1) ' N](s),
JP2(s,0) = —31a%(s = 1)* 2By !(s),
It s) = —[(t — s)*ATBT A — La(t — 5)* "' N](s),
and

Noting that

2t ) o?
li - )" = — 21
B a1 /l (s =" ds = 107y (3:21)
02 [t o o2
from (3.21) and (3.22), it follows that
hmsup / {H(t,s)k(s)T(s) + (J9* + J3%)(t,s)} ds
_ limsup t—/ ((t— $)*M(s) + La(t — )* ' N(s) — La?(t — 5)* 2By ()} ds
t—o00
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hmsup / {(t—5)"M(s)+ La(t —s)* 'N(s) — La®(t — s)**B} ds
)*M (s) + ga(t —s)* ' N(s)}ds + mB
> 0
and

)T(s) + (JP + JP%) (s, 1)} ds

= hmsup / {(s = D)*M(s) — 2a(s = )*"'N(s) — 1a®(s = 1)*?B~'(s)} ds

o2
hmsup /{s—l “M(s) — 2as —l)a_lN(s)}ds—mB

> 0.
Hence,
t
limsup/ {H(s,D)k(s)T(s) + (JP* + JP)(s,1)}ds > 0
t—o0 1
and

lim sup /l (L $)K($)T(s) + (J9 + J82)(t. 5)} ds > 0

t—o0

imply that (2.10) and (2.11) hold. From theorem 2.5(I), it follows that the sys-
tem (1.1) is oscillatory.

(IT) According to the linearity of the positive linear functional L and theo-
rem 2.5(IT), we can show that the system (1.1) is also oscillatory. The proof is
similar to that of case (I). We omit the details. O

Proof of theorem 2.7. Set f(t) = 0 and k(t) = p(t) = 1. It is easy to see that
v(t) =1, T(t) = —=C1(t),

mlt,) = afR(0) ~ RO 0D hyr,5) = alR() — R O
o(0) o)
H(E s)k(s)n()0(s)T(5) + (I3 + J) (1, 5)
= [R(t) ~ B()]"M(s) — balR(E) ~ R(s)]° No(s)

and

H (s, Dk(s)u(s)v(s)T(s) + (J)' + 1) (s,0)
= [R(s) — R(1)]*M(s) + 3a[R(s) — R(1)]*~" No(s)

29
0

ST RL) - ROIB 7 (0),

1
4
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Noting that

and

in view of lim;_, o, R(t) = 00, it follows that

and
: a? ' a—29(s) a’
tlg]élo 4R“—1(t)/l [R(t) — R(s)] a0s) ds = TR (3.24)

(I) From (2.18) and (3.23), we have
hmsup Ra T / {H(s,1)k(s)T(s) + (JP* + J?)(s,1)} ds Bs
1 t

- - s) — “M(s) + 2alR(s) — 1Ny (s
—timsup ot [ 106) = ROPMI() + JalR(s) — ROF Nl

t—o0 R~ 1

- 40 SR - RO ds
> timenp ot [ {RG) — ROPM) + Jal(s) - RO ot
~ 30 SR - RO B0 ds
~ limsup 7= / (IR M(s) + LalR(s) — RO~ No(0s)} ds
a 4(132— 1)BO
> 0.
It follows that
1123513/ {H(s,)k + (JP 4 TP2)(s,1)}ds > 0

implies that (2.10) holds. Similarly, (2.19) implies that (2.11) holds. From case (I)
of theorem 2.5, the system (1.1) is oscillatory.
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(IT) Analogously to case (I), from (2.20) and (3.23), it follows that

. 1 ! 1
hmsupRa_l(t)/l {H(s,)k(s)L[T(s)] 4+ L[(J2* + JY2)(5,0)]} ds

t—o0

: 1 ¢ o
> timsup e [ {IR() — ROILM ()
+

30[R(s) — R(1)]*"L[No(s)]} ds — L[Bo]

4(a—1)

>0

implies that

Jim sup /l (H (s, )k(s)L[T(s)] + L[(JO + J92)(s, )]} ds > 0.

t—o00

Therefore, (2.12) holds. Similarly, (2.21) implies that (2.13) holds. By using case (II)
of theorem 2.5, the system (1.1) is also oscillatory. O

Proof of theorem 2.8. Choose k(t) = p(t) =1 and f(t) =0. Then v(t) = 1, To(t) =

—C1(t),

0 (s = b) = =[(s — b)*(AT B A)(s) -
s—b) = —1a(s = 0)* 2By \(s),

T (

afs — b)a*IN(s)],

1
2

J% (2c—s) = —[(s = 1)*(ATBy ' A)(2c — s) + a(s — b)* ' N(2c — 5)](2¢ — ),

and

J%(2c— s) = —1a®(s = b)* ?By ' (2c — s).

(I) From (2.22) with (3.21), one knows that, for I > T,

lim sup
t—o00

/l [(s — D(M(s) + M(2t — 8)) + L(N(s) — N(2t — 5))]ds

t
> %oﬂ/ (s—1)*"?dsB. (3.25)
l

Thus, for any T' > tg, there exist b, ¢ € R such that T'< b < ¢ and

that is,

/bc[(s —DY(M(s)+ M(2c—s)) + %(N(s) — N(2¢—s))]ds
142 Cs— a2 (g
> 1 /b( 1)*~2ds B
:/ 1a?(s—1)*"*Bds
b
Lo2(s =) 2By (s “1(2¢— $)]ds
> [ 402 =) 2B 6) 4 B e - o)) ds,

(2.7) holds. By theorem 2.3(II), (1.1) is oscillatory.
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(II) By using (2.23) and (3.21), it follows that, for { > T,

lim sup q{/l [(s = 1)*(M(s) + M(2t — 5)) + $(N(s) — N(2t — s))] ds}

h > [;oﬂ /lt(s—l)“_st]q[B]. (3.26)

Therefore, by the first part of definition 1.2 or definition 1.3, for any T > t¢, there
exist b, ¢ € R satisfying 7' < b < ¢ and

<o

1a?(s—1)*"*B ds}

La?(s — [)*2[By \(s) + By (2 — 5)] ds},
that is, (2.9) holds. From theorem 2.3(IT), we find that (1.1) is also oscillatory. The
proof is therefore complete. O
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