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POSITIVITY OF THE GREEN FUNCTIONS FOR HIGHER
ORDER ORDINARY DIFFERENTIAL EQUATIONS

MICHAEL I. GIL’

ABSTRACT. We consider the equation

n

>R () =0, t>o0,

k=0
where ag(t) = 1, ar(t) (k = 1,...,n) are real bounded functions. Assuming
that all the roots of the polynomial 2™ +aq (t)z" 1+ - -+an(t) (t > 0) are real,
we derive positivity conditions for the Green function for the Cauchy problem.
We also establish a lower estimate for the Green function and a comparison
theorem for solutions.

1. INTRODUCTION AND STATEMENT OF THE MAIN RESULT

In this paper we establish positivity conditions of the Green function for the
Cauchy problem (the fundamental solution) for the scalar equation

Zn:ak(t)xm—k) (t)y=0, t>0, (1.1)
k=0

where ag(t) = 1; ar(t) (k = 1,...,n) are real continuous functions bounded on
[0, 00).

The literature on the positive and nonoscillating solutions of ordinary differential
equations is very rich, cf. [Il 6] 13| 14, 5] and references therein. In particular,
Yu and Levin [I1] Section 5] among other remarkable results, proved the following
result: Suppose that, the roots r1(t),...,r,(t) of the polynomial

P(z,t) := Z ar(t)z" %, zecC.
k=0

for each t > 0 are real and satisfy the inequalities
vo <ri(t) <vi <rp(t) <wve <-or <wpog Srp(t) S, 20,

where v; are constants. Then equation ([I.1)) has non-oscillating solutions. That
result is very useful, see for instance [7, 8] and references therein. It should be
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noted that the existence of non-oscillating solutions does not guarantee the pos-
itivity of the Green function. Obtaining the positivity conditions for the Green
function requires additional restrictions. On the other hand such conditions are
very important for various applications, cf. [9, [I0]. To the best of our knowledge,
the positivity conditions for the Green function were established only in the cases
of the second order equations, cf. [I0], and equations with constant coefficients
[8]; the nonautonomous higher order differential equations were not found in the
available literature.

A solution of is a function x(¢) having continuous derivatives up to n-order
satisfying for all ¢ > 0 and given initial conditions. Recall that the Green
function G(t,7) for is a function defined for ¢ > 7 > 0, satisfying for
t > 7 > 0, and the initial conditions

. OFG(t,7) 0" Gt T)
Assume that
ap(t) <bg, t>0:k=1,...,n, (1.3)

where by are constant, and introduce the polynomial
Q) = A"+ A" L+ b\ 2 4 by,
The aim of this paper is to prove the following theorem.

Theorem 1.1. Assume (1.3)), and let all the roots of polynomial Q(z) be real and
non-negative. Then the Green function for (1.1) is positive. Moreover,

oFG(t, s)
otk
This theorem is proved in the next section. Below we also consider the case

when @ has negative roots. Theorem supplements the very interesting recent
investigations of higher order differential equations, cf. [2 (4 [16].

>0, t>s>0,k=1,...,n—1 (1.4)

2. PROOF OF THEOREM [L.1

Denote by C(Ry) the Banach space of functions continuous and bounded on
R; :=[0,00) and consider the nonhomogeneous equation

> ar(t)D"Fo(t) = f(1) (2.1)
k=0

with a positive f € C(Ry.), DFz(t) :== %, t > 0, and the zero initial conditions

v®(0)=0, k=0,1,...,n—1. (2.2)

Since the coefficients of (2.1)) are bounded on R, a solution v(t) of problem (2.1])—
(2.2) satisfies the conditions

WP ()] < Me*t, t>0, k=0,1,...,n

with constants M > 1 and v. So v(t) admits the Laplace transform. Let 0()\) be
the Laplace transform to v(¢), A the dual variable. Put g(A) = Q(\)o(A\). Then

_ L ety _
o(t) = m/co—ioo a0 d\  (co = const). (2.3)
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We can write as

1 et AP H)F(N\)dA
= P(D = . 24
)= PD it = 5 [ SRS (24)
Hence,
1ot o Q) = PO
- A L) —y(t)— 7 2
S0 =5 [ - TGN =y 20 @9
where y(t) is the Laplace original to g(\) and
1 et Q) — P(\t) .
Z(t) = — M :
0= [, gny I
By the convolution property,
t
200 = [ K(t.t - syuls)ds,
0
where i
1 e Q) — P\, v)
K(v,t) = — a0 d > 0.
=g [, O gy w20
So ,
o) = [ Kt = s)us)ds = 7o)
0
Take into account that
K, t) = 3 bk — ax()ua(t),
k=1
where )
L Y N 2.6
t = — - “e . .
wt) =g [ k=1 (26)
By [8, Lemma 1.11.2, p. 23]
1 dn—lestsn—k
) = gt lselera 20 (2.7)

where 27 is the smallest (nonnegative) root of @ and z, is the largest root of Q.
Since by, — ag(t) > 0,t > 0, we can assert the K(v,t) > 0 for all v,t > 0.
Furthermore, denote by C; the Banach space of functions continuous on [0, 7]

with a positive 7 < co. In addition C;! denotes the cone of positive functions from

C. Introduce on C; the Volterra operator V by

(Vw)(t) = /0 K(t,t — s)w(s)ds.

Then y — Vy = f. By the Neumann series,

o0
(I-V)'f=)_VFf>f=>o0.

k=0
Here I is the unit operator. Note that the Neumann series of any Volterra operator
with a continuous kernel converges in the sup-norm on each finite segment, since
the spectral radius of that operator in a space of continuous functions defined on
a finite segment is equal to zero, cf. [B]. So y(t) > f(¢),t € [0,7]. But 7 is an
arbitrary positive number. So we obtain y(t) > f(¢),t € R4. Recall that y(t) is the
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Laplace original to §(A); so according to (2.3)) and the convolution property, we get

t
o) = [ nlt = s)uls)s (28)
0
where /1, is defined by (2.6). According to (2.7),

n—1 st n—1
o) = et | e
" (n—1)! dsn—1 ls€lz1zn] = (n—1)!

Now the inequality y(t) > f(t),t > 0, yields

(2.9)

v(t) > /t n(t —8)f(s)ds >0, t>0.
Thus the solution of problem 7 is positive, provided f is positive. But
v(t) = /t G(t,s)f(s)ds. (2.10)
Hence it follows that G(t,s) > 0. Furzhermore, by , and the convolution

property
1 co+ioco e)\t)\k~()\) t
) (f) = 7/ NG _/ _
oV (t) = — d\ = n—k(t —s)y(s)ds.
() 2mi co—ioe Q(A) 0 H k( ) ( )
But as it was above shown, uy(t) >0, k = 1,...,n. Thus v*) () > 0. So by (2.10),
t ok
t
v®) (1) = %(k’s)f(s)dszQ k=1,...,n—1
0

Hence (1.4) follows. As claimed.

3. LOWER SOLUTION ESTIMATES AND COMPARISON OF GREEN’S FUNCTIONS

Lemma 3.1. Under the hypothesis of Theorem[I.1}, for any nonnegative f a solu-
tion of problem (2.1)—(2.2)) satisfies the inequality

1 t
1(t—s) (4 _ -1
v(t) > (nfl)!/o eIt — )" f(s)ds
where z1 > 0 is the smallest root of Q(A).

Indeed, this result immediately follows from (2.8)) and (2.9). Recall also that
G(t,7) is a solution of the equation
P(D,t)y=4(t—71), t>0
where §(t) is the Dirac Delta function. Hence thanks to the previous lemma we
easily get the inequality

G(t,T) > t—r)n et s g

L
(n—1)!
Furthermore, together with (|1.1)), let us consider the equation

n—1

> e M) =0, t>0, (3.1)

k=0
where ¢ (t) are bounded real functions satisfying the conditions

cr(t) <ag(t), t>0;k=1,...,n. (3.2)
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Lemma 3.2. Let the Green function G(t,s) for (L.1)) be positive and the inequal-
ities (L.4) and (3.2) hold. Then the Green function W (t,s) for (3.1) satisfies the

inequalities

W (t,s) _ OGlt,s)

W(t,s) > G(t,s) > 0; ETEE >0 (3.3)
forallt >s>0andk=1,...,n—1.
Proof. Rewrite (3.1)) as
Zak Dz = (an(t) — ea ()R (1), t>0.
k=1
Then with the notation w(t) = W (t, O) we have
w(t) = G(t,0) / G(t,s) an,k(s) — n_n(8)w® (s)ds. (3.4)

Hence, according to (1.2]),

k k s n
wtip = LIC0 [P > (o) — n-s OO 65)

%
ot 0 —
Rewrite (3.4) and (3.5)) as the n-vector equation
=G+ Vi

where V is a Volterra equation with a positive continuous matrix kernel
0G(t,0) oG, 0)]

ot 7 ol ’
@(t) = column [w(t),w’(t),...,w" D (1)]

C:'(t) = column [G(t,0),

. Hence by the Neumann series
o0
=) VFG>aG.
k=0

So for s = 0 the inequalities are proved. But the case s > 0 can be similarly
proved. As it was above mentioned, the Neumann series of any Volterra operator
with a continuous kernel converges in the sup-norm on each finite segment, since
the spectral radius of that operator in a space of continuous functions defined on a
finite segment is equal to zero. This proves the lemma. (I

Note that a relatively special but related comparison result is due to MacKenna
and Reichel [12].

4. THE CASE OF NEGATIVE ROOTS

Let Q(A) have at least one negative root. With a positive number 7, substitute
in z(t) = e "fw(t). After simple calculations we get we equation

P(D —r,t)w(t) = 0.
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Take into account that

|
K and

where C} = T

p—j(t,7) = Z an_k(t)C,i(—r)k_j.
K=y

Thus we have

an_r(t,)w® () =0, t>0,. (4.1)
k=0
Assume that
a;(t, ) <bj(r) (bj(r) =const; t >0; j=1,...,n, (4.2)
and introduce the polynomial
QA7) = A" + by (M)A ba(r)A" 2 + -+ by (1),
Then applying Theorem to equation (4.1)), we obtain the following result.

Corollary 4.1. Under condition (4.2)), for a positive number r, let all the roots of
polynomial Q(X,r) be real and non-negative. Then the Green function for (L.1)) is
positive. Moreover,

O*(e"G(t, 5))

BTG >0, t>s>0k=1,...,n—1.
In particular, consider the equation
2" + a1 (t)z’ + ax(t)z =0 (4.3)
assuming that
0<mg <ap(t) < Mg, t>0;k=1,2, (4.4)

where m;, and M}, are constant. Then
ar(t,r) = =2r 4+ ay(t),as(t,r) = r* — ayr + as(t).
Hence
ay(t,r) < by(r) = —2r 4+ My, as(t,r) < bo(r) = r2 — myr 4+ Ms.

If by(r) < 0,bo(r) > 0 and b2(r) > 4by(r), then Q(z,7) = 22 + by (r)z + ba(r) has
two non-negative roots. Let m? > 4M,. Take r > M;. Then

’I"ZMl >m1/2+\/m%/4—M2
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and therefore by(r) > 0. We also should have the inequality

(727’ + M1)2 Z 4(7’2 —mar —+ Mg)

Hence M2 — 4r M2 > —4mqr + 4Ms. So we get

M1 S r S (M12 — 4M2)/4(M1 - ml). (45)

Now the previous corollary implies the following result.

Corollary 4.2. Let the conditions ([4.4), m3 > 4M, and

ho

1< (M7 — 4My)

~ 4AM (M —my)

Id, then the Green function G(t,s) for is positive. Moreover,
A(e™G(t, s))

>0, t>s5>0,
ot = 5=

for any r satisfying (4.5). In particular for r = M;.
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