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Abstract. Picone-type identities are established for a pair of solutions (x,y) and (X,Y)
of the respective systems of the form

X =rt)x+pt)er/aly), ¥ = —q(t)ga(x) —r(t)y, (L.1)
and
X' =ROX+P(H)g1(Y), Y =-Q(H)¢ga(X) —R(H)Y, (12)

where « is a positive constant, p, g,7, P, Q and R are continuous functions on an interval
J and ¢, (u) denotes the odd function in u € R defined by

@y (u) = u|"sgnu = |u|7 1y, v > 0.

The identities are used to prove Sturmian comparison and separation results for com-
ponents of solutions of systems (1.1) and (1.2).
Keywords: Hamiltonian systems, Picone’s identity, Sturmian comparison.
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1 Introduction

The purpose of this paper is to present new identities of the Picone type for pairs of contin-
uously differentiable vector functions which are solutions of the respective half-linear differ-
ential systems of the first order and use them to study the existence and location of zeros of
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components of these solutions by means of comparison. In particular, we consider differential
systems of the form

X =r)x+pM)ealy), ¥ =—qt)pu(x) —r(t)y, (1.1)

where « is a positive constant, p, g and r are continuous functions on an interval | and ¢- (1)
denotes the odd function in u € R defined by

@y (1) = [u|"sgnu = |u|" 1y, v > 0.

System (1.1) is a nonlinear Hamiltonian system, i.e. it is of the form

, OH , oH
X = — = ——
dy’ ox’
where 1
— a+1 & 1+1
H(tx%,y) = — a0+ r(t)xy + —Sp(@ly] .

One of ways to gain information about zeros of solutions of system (1.1) without solv-
ing it explicitly is to compare it with another system whose solutions (or at least oscillation
properties) are known. Thus, along with (1.1) we consider the differential system

X' =R(HX+PH)p1.(Y), Y =-Q(H)¢a(X) — R(H)Y, (1.2)
where P, Q and R are continuous functions on J.

It is well known (see A. Elbert [2]) that if (x, y) is a nontrivial solution of system (1.1) such
that its first component x(t) has consecutive zeros at t1,t € |, 11 < tp, and if

[Q(E) — q()] &1 — (a + 1) [r(t) — R(1)]&n +a[P(t) — p(t)] 7T > 0 (1.3)

forall §,7 € Rand t € [t;, f2], then for any solution (X, Y) of system (1.2) the first component
X (t) has at least one zero between t; and t5.

Elbert proved his comparison result with the help of the generalized Priifer substitution.
The purpose of this note is to give a more direct proof by employing the identities of the
Picone type established in the next section and to extend Elbert’s theorem to the reciprocal
situation where the zeros of the second component Y (t) are studied, too. For this purpose we
associate with (1.1) and (1.2) the “dual” systems

X =rt)x—pt)eraly), ¥ =q(t)pu(x) —r(t)y, (1.4)

and
X' = ROX-P(Opr/a(Y), Y = Q(t)gu(X) — R(Y. (15)

As is easily seen, if (x,y) and (X, Y) are solutions of (1.1) and (1.2) on [tg, o), respectively,
then (—x,y) and (x, —y) (resp. (—X,Y) and (X, —Y)) are solutions of (1.4) (resp. (1.5)), and
vice versa. This means that (1.1) and (1.4) (resp. (1.2) and (1.5)) are equivalent so far as the
oscillatory and nonoscillatory properties of their solutions are concerned. (Notice that systems
(1.1) and (1.4) (resp. (1.2) and (1.5)) are the same except that the roles of {x,y}, {p,q}, {r,—r}
and {a,1/a} are interchanged.) This simple (but very useful) relationship between (1.1) and
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(1.4) (resp. (1.2) and (1.5)) is referred to as the duality principle and will be frequently used in
the proofs of our results.

For related results concerning (1.1) and more general nonlinear differential systems based
on the two-dimensional version of Picone’s identity which is a special case of the formula
given below see [3]. The most comprehensive development of Sturmian theory for linear
differential equations can be found in the monograph of Reid [11]. Comparison and oscilla-
tion results based on identities of the Picone type for linear systems of the form (1.1) were
established also in Kreith [6,7]. Sturm’s comparison theory for scalar half-linear ordinary
differential equations of the second order has been developed by Li and Yeh in [8] and by the
present authors in [5].

2 Main results

The following Picone-type identities concerning pairs of solutions of systems (1.1) and (1.2)
will form the basis for our subsequent discussions.

To formulate the results we use @, (U, V) to denote the form defined for U,V € R and
v > 0by

@,(U, V) = (U] +4|V]" = (v + 1)Ue, (V).

From the Young inequality it follows that @, (U, V) > 0 for all U,V € R and the equality
holds if and only if U = V.

Lemma 2.1. Let (x,y) and (X,Y) be solutions on | of systems (1.1) and (1.2), respectively.

(i) If X(t) # 0in ], then

;t{ ; [(Pa(x)y—%(x)Y]}

Qsz(X)
a+1
= (@) = q(0)] 1 - (+ D[~ RO s @)
+a[P() = ) YT 4 ()24 (/a0 291/0(Y) /).
(i) IfY(t) #0in ], then
Z{q)l/z(Y) [#1/6(V)X — @1/a(Y)x] }
11
= [P - pO)] 1~ (14 1) (RO - ) L o 22

ly|+ !

Y|+

+ 1o - q0)]

" X"+ (1) @1/ (9u (%), ypu(X) /Y).

Proof. (i) Expanding the left-hand side of (2.1) and making use of the fact that (x,y) and (X, Y)
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satisfy (1.1) and (1.2), respectively, we get

a0y - oY)

B . |x|zx+1
- [Q(t) - q(t)] ‘x’ o (‘X + 1) [r<t) - R(t)] (PW(X)
‘ ’zx—i-l

X 1 1
TP 1Y+ p Bl = (a4 Dp(9ru(y)

Finally, inserting —ap(t)|x|*"Y|s+1/|X|*™ 4+ ap(t)|x|*t1|Y[s+1/|X|**] into the right-
hand side, we obtain formula (2.1) as desired.

(ii) The truth of the second Picone-type identity (2.2) can be verified directly in a simi-
lar manner, or by making a duality conversion described in the introduction and using for-
mula (2.1). O

Remark 2.2. Identity (2.1) is a generalization of the identity obtained by Diaz and McLaughlin
[1] in the linear case, i.e. « = 1. The reciprocal formula (2.2) seems to be new even in the linear
case.

Remark 2.3. If r(t) = R(t) =0, p(t) > 0 and P(t) > 0 on J, then systems (1.1) and (1.2) are
equivalent with the second-order half-linear differential equations

(1) a(x)) + q(t)pu(x) =0, (2.3)

and
(P(H (X)) + Q(t)ga(X) =0, (2.4)

respectively, where p(t) = p(t)~* and P(t) = P(t)~*, and identity (2.1) reduces to

jt{m [ (X)P(D)Pa () = gu(x) P(H) pa(X')] }

a+1
! x|

= [Q(O - ‘7<t)] ‘x’aﬂ + “[Pv(t)ii - ﬁ(t)*%]ﬁ(f) PG ‘X/’Hl (2.5)
+ W®a(ﬁ(t)ix’x, B(t)ixx'),
which is different from similar formula
d X ~ / 5 /
G [ 000 — PO (x)] | 26

= [QUE) — g(0)] |2+ + [B(1) — P()] [ [*) + B(1), (x',xX/X)
established by the present authors in [4] (see also [5]).

The next result shows that if certain Wronskian-like function is identically zero for a pair
of vector solutions of the two-dimensional system of the form (1.1), then one of these solutions
is a constant multiple of another in the sense specified below.

Lemma 2.4. Let (x,y) and (X,Y) be solutions on | of the same system (1.2) (= (1.1)).
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@) IfP(t) >0, x(t) #0in J and

(O @1/ (Y(H) — X(H) @172 (y()) =0 in ], (2.7)
then there exists a constant c¢ such that
(X(£), Y(£)) = (cx(t), pulc)y(t)) (2.8)
forallt € ].
(i) If Q(f) >0, y(t) #0in ] and
y(B)@a (X (1) = Y(Ha(x(t) =0 in], (2.9)
then there exists a constant c¢ such that
(X(1), Y(t) = (ex(t), pr/a()y(t)) (2.10)
forall t € .

Proof. (i) Note that

x(t) x(t)?
_ x(O[REX(E) + Pt g1/a(Y(1)] — [R(2) P(t)pr/a(y(£)] X(t)
x(t)?
o X1 (Y1) = X1/ (y(t) _
= pp 00N X0 0)

for t € J. This implies that there exists a constant ¢ such that X(t) = cx(t) for t € J. Substitu-
tion of this equality into the first equation of system (1.2) yields

P(t)@1/a(Y(£)) = X'(t) = R()X(t) = cx'(t) — cR(£)x(t)
= c[R(D)x(t) + P()p1/a (y (1)) ]| — eR(D)x(£) = cP(£)p1/a(y(t))
which gives Y (t) = @u(c)y(t), t € ].
The case (ii) is true because of the duality principle. O

Theorem 2.5 (Elbert-type comparison). (i) Suppose that (x,y) and (X,Y) are solutions of (1.1)
and (1.2), respectively, satisfying x(b) = 0, x(t) # 0 for t € (a,b) and either x(a) = 0 or x(a) #
X(a) # 0and

Let p(t) > 0and

[Q(t) — (D] & = (« + 1) [r(t) = R(D] &y +a[P(t) — p(t)] [« >0 @11)

forall &,n € Rand t € [a,b]. If, moreover, X(t)? + Y (t)? > 0 in [a, b] and either the strict inequality
holds in (2.11) throughout some subinterval of (a,b) or

X() @10 (Y() — X(1)pr/a(y(t)) #0 in (a,b), (2.12)
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then X(t) has at least one zero in the open interval (a,b).
(ii) Suppose that (x,y) and (X,Y) are solutions of (1.1) and (1.2), respectively, satisfying y(b) =
0, y(t) #0 fort € (a,b) and either y(a) = 0or y(a) #0, Y(a) # 0 and

x(a) S X(a)
P1/2(y(a)) ~ pr/a(Y(a))

Let q(t) > 0 and (2.11) be satisfied for all &, € R and t € [a,b]. If, moreover, X(t)*> + Y (t)?> > 0 in
[a, b] and either the strict inequality holds in (2.11) throughout some subinterval of (a,b) or

Yy (X (1) = Y(H)pu(x(t)) £0 in (a,b), (2.13)

then Y (t) has at least one zero in the open interval (a,b).

Proof. (i) Assume that what we want to prove is false and there exists a solution (X, Y) of (1.2)
with X(#) # 0in (a,b). Then, identity (2.1) is valid. Note that the function

w(t) i= ——— X(t t) — x(1)Y(t)], t€(a,b),
< ) QDa(X(t)) [9006( ( ))]/( ) 9011( < )) ( )] ( )
(which will be called a Picone’s concomitant) has limits at the endpoints 2 and b, so that it may

be extended continuously on the closed interval [a, b].
Indeed, if X(a) # 0 and X(b) # 0, then

Jim w(t) = 0 [on (X(@)y(0) = gu(+(@)Y(0)] 2 0
and
x(b)

Jim w(t) = 2 (X(0) [Pa(X(0))y(b) — pu(x(b))Y(b)] = 0.

If, however, X(a) = 0, then X'(a) = R(a)X(a) + P(a)p1/,(Y(a)) = P(a)@1,,(Y(a)) # 0
and an application of L’'Hopital rule shows that the quotient x(¢)/X(t) has at t = a a nonzero
finite limit x"(a) /X’ (a), so that

lim w(t) = lim | x(e)y(t) - mx(t)m) = 0.

A similar argument applies at the end-point b.

Now, assumptions (2.11)—(2.12) imply that Picone’s concomitant w(t) is a nondecreasing
not-identically constant function of ¢, and so

w(b) > w(a).
This contradicts the conclusion that
0=w(b) <w(a),

thereby invalidating our initial hypothesis that X(t) # 0 in (a,b). Thus, the component X(t)
must vanish in the open interval (a,b) at least once.

(i) Similar reasoning shows that assuming Y(f) # 0 in (a,b) and employing Picone’s
identity (2.2) lead to a contradiction with the hypotheses of the theorem, so that Y(¢) must
have at least one zero between a and b. O
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Remark 2.6. A crucial role in the Elbert-type comparison result established in Theorem 2.5 is
played by the positive semi-definiteness of the form on the left-hand side of (2.11). Thus, it is
desirable to find conditions which would guarantee that the function f(¢,7) of the form

F@& ) = A[g* — (a+1)B&y +aClylst!, &y eR,

where the coefficients A, B and C are real numbers, is positive semi-definite. It is easy to see
that for satisfaction of f(¢,#7) > 0 it is necessary that A > 0 and C > 0. If both A = 0 and
C = 0, then also B must be zero, and so f(¢,7) = 0 trivially for all ¢,# € R in this case.
Suppose that A > 0 and C > 0. Then

AlE|*! — (a+1)BEy + aCly|x !
a+1

1 1
— |Awg|"™ — (a+1)ATTEA T By + a| A 1By | —a| A 1By |" T 4 aCly|s !

> aly |+ (C— AT [BIY),

where the Young inequality has been used in the last step. Consequently, the positive semi-
definiteness of f(¢, ) is guaranteed by

C—ATx|Bs*1 >0,
or, equivalently, by

AiC— |B|+*! >0,
Similarly, if C > 0 and A > 0, then f(¢,7) > 0forall §, 5 € R, if

AC* — |B|*™1 > 0.
Thus, the following corollary of Theorem 2.5 is true.
Corollary 2.7. (i) Let the conditions of Theorem 2.5 (i) be satisfied with (2.11) replaced by
0<p(t)<P(t), q(t)<Q(t) inlab] (2.14)

and
[Q(t) —q(t)]* [P(t) — p()] — [R(t) = r())[+*1 >0, t€E [a,b]. (2.15)

Then the assertion of Theorem 2.5 (i) is true.
(ii) Let the conditions of Theorem 2.5 (ii) be satisfied with (2.11) replaced by

0<q()<Q(),  p(t)<P() inlab), (2.16)
and (2.15). Then the assertion of Theorem 2.5 (ii) is true.

If, in particular, () = R(t) = 01in [a, b], then the above criterion reduces to the comparison
result by Mirzov [9] (see also [10]).

Example 2.8. As an elementary but instructive example of application of Corollary 2.7 in the
case where r(t) = R(t) = 0 consider the systems

X' — k1, (y) =0, v +m* e, (x) =0, (2.17)

and
X — Ko, (Y)=0, Y 4+MTe(X)=0, (2.18)
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where 0 < k < Kand 0 < m < M are constants. Systems (2.17) and (2.18) have the os-
cillatory solutions (ksin, (k*mt), m* cos,(k*mt)) and (K sin,(K*Mt), M* cos,(K*Mt)), respec-
tively, where sin, (resp. cos,) denotes the generalized sine function (resp. generalized cosine
function) defined to be the first (resp. the second) component of the solution of the system

U —@170(0) =0, V' + ¢a(u) =0, (2.19)

determined by the initial condition

w0) =0, v(0) = <“il>m. (2.20)

Components of the above oscillatory solutions have infinitely many zeros which are regularly
spaced at the distance 7,/ (k*m) (resp. 7,/ (K*M)) where

Thus, for any solution (X, Y) of (2.18) satisfying X(0) = 0 its first component X(t) must have
a zero in the open interval (0, %) as was to have been anticipated.

Remark 2.9. Theorem 2.5 applies also to the case where systems (1.1) and (1.2) coincide, i.e.,
p(t) = P(t), q(t) = Q(t) and r(t) = R(t) in [a, b]. An important consequence of the interlacing
phenomenon described in the following theorem is the fact that either all solutions of system
(1.1) are oscillatory, or all of them are nonoscillatory.

Theorem 2.10 (Separation). (i) Suppose that (x,y) and (X,Y) are solutions of the same system
(1.2), with P(t) > 0 in [a,b], satisfying x(b) = 0, x(t) # 0 for t € (a,b) and either x(a) = 0 or
x(a) #0, X(a) # 0and

ya) Y@
Pu(x(a)) ~ @a(X(a))
Let
(X(6),Y(1) # (ex(t), palc)y(t))
in (a,b) for any constant c. Then X (t) has exactly one zero in the open interval (a,b).
(ii) Suppose that (x,y) and (X,Y) are solutions of the same system (1.2), with Q(t) > 0in [a, b],
satisfying y(b) = 0, y(t) # 0 for t € (a,b) and either y(a) = 0 or y(a) #0, Y(a) # 0 and

x(a) S X(a)
P1/a(y(a)) ~ @1/a(Y(a))

If
(X(£),Y(8)) # (cx(t), p1/a(c)y(t))

in (a,b) for any constant c, then Y (t) has exactly one zero in the open interval (a,b).

Proof. From Theorem 2.5 and Lemma 2.4 it follows that X(t) (resp. Y(#)) must have at least
one zero in (a,b). We claim that X() cannot vanish twice between a and b. If it did and there
would exist at least two zeros a1 and by, a; < by, of X(t) in (a,b), then by previous arguments
with the roles of x and X interchanged, x(t) will have a zero in (a1, b;) which contradicts the
assumption that 2 and b are consecutive zeros of x. Similarly for Y(t). O
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We now apply Theorem 2.5 to get information on the arrangement of zeros of oscillatory
solutions of system (1.1) in the special case where r(t) = 0.

Let (x,y) be an oscillatory solution of system (1.1). Denote by {oy}>, and {7}}>; the
sequences of zeros of x(t) and y(t), respectively. It is easy to see that {o} }>; and {7} ; have
the interlacing property.

Theorem 2.11. Assume that the functions p(t) and q(t) are increasing (or decreasing) on [0, o).
Let (x,y) be an oscillatory solution of system (1.1) and let {0y}, and {T}{2, denote the respective
sequences of zeros of x(t) and y(t). Then, the sequences {0y1 — 0y} and {T11 — T} are decreasing
(or increasing).

Proof. Tt suffices to deal with the case where p(t) and q(t) are increasing. Let k € IN be fixed
and consider the half-linear differential systems
X —p(t+o)eray) =0,y +4q(t+0)ga(x) =0 (2.21)
and
X —p(t+0oe1)p1/e(Y) =0, Y +q(t+0k1)9u(X) =0 (2.22)

on [0, 00). Clearly, (x(t+0x),y(t +0%)) and (x(t+ 0j41), y(t + 0k11)) are solutions of (2.21) and
(2.22), respectively. Note that x(t + o) has consecutive zeros 0 and 0y1 — 0k, and x(t + 0x41)
has consecutive zeros 0 and 0y, — 0k41. Since

plt+or) < pt+0oi41),  qit+or) < q(t+0xq),

applying Theorem 2.5 to (2.21) and (2.22), we see that 0y11 — 0% < k42 — Ok41-
In order to show that Tj11 — T« < Tjy2 — Tk+1, we need only to repeat the same comparison
arguments as above to y-components of systems

X —pt+m)eiay) =0, ¥ +q(t+7)ea(x) =0,
and
X' —pt+1)917.(Y) =0, Y +q(t+7)9(X) =0,

having, respectively, the solutions (x(f + ), y(t + %)) and (x(t + Ts1), y(f + Teq)). This
completes the proof. O
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