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ABSTRACT. Given the solution f of the sequential fractional differential equation oD (. D f) +
P(t)f =0, t € [b,c], where —c0 < a < b < ¢ < 400, a € (%,1) and P : [a,+00) — [0, Py,
P, < +00, is continuous. Assume that there exist ¢1,t2 € [b, ] such that f(t1) = (D¢ f)(t2) = 0.
Then, we establish here a positive lower bound for ¢ — a which depends solely on «, P,. Such
a result might be useful in discussing disconjugate fractional differential equations and fractional

interpolation, similarly to the case of (integer order) ordinary differential equations.

AMS (MOS) Subject Classification. 34A08, 34C10

1. INTRODUCTION

The fractional calculus and its plethora of techniques for the study of fractional
mathematical models in natural and social disciplines constitute already a vast part
of modern science [9, 3, 8, 5, 6]. The oscillation/disconjugacy theory of the fractional
differential equations, however, is still at the very beginning [5, 6, 3]. To give an
example, there are no fractional counterparts of the fundamental comparison and

separation theorems of Sturm ([10, 7]).

Complications such as the Faa di Bruno formula for the fractional derivative of
composite functions or the Leibniz series of the fractional derivative of a product [6,

pp. 96, 98] make such enterprises extremely difficult.
In 1918, the following striking result of W. B. Fite [2, Theorem VII| has opened

the way for the disconjugacy analysis [1] of (integer order) linear ordinary differential
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equations: given the real numbers a < b < ¢ and the differential equation
2"+ Pt)x=0, telbd,

where P : [a,4+00) — [0, Px], P < 400, is a continuous coefficient. If z(t;) =

x'(t3) = 0 for some (non-trivial) solution z. Then,
(¢ —b)-max{l, Py} > 1.

In this article, we shall establish a variant of Fite’s theorem for the case of linear
sequential fractional (ordinary) differential equations (SFDE’s). In our result, the
estimate of ¢ — b is replaced with an estimate of ¢ — a.

To set the hypotheses, fix ¢ € (0,1). Introduce the Riemann-Liouville (fractional)
derivative [6, p. 68]

1 d [ [ fs)
D) = = - — d t
( tf)() F(l—g) dt [/a (t—S)C S| > a,
and the Riemann-Liouville (fractional) integral [6, p. 65] (sometimes denoted with
oIC see [3])

¢—1 . 1 ) ! f(S) s a
W0 = =g | et >

Obviously, ,D%f = f (a limit case) and DS f = 4 (QDf_1 f). We shall discuss
in the next section the regularity assumptions regarding f that are needed in our

investigation.

Consider the following linear sequential differential equation (SFDE)
(11) U«Dta(aD?f)_'_P(t)f:O? te [b,C],

where a € (%, 1) and the coefficient P : [a,+00) — [0, Py], Ps < +00, is assumed

continuous. The equation (1.1) is equivalent to the next linear SFDE system
(1.2) { Dif =0, tebd,
oDi'g = —P(t)f,

which is a particular case of the linear SFDE system
{ (D§1)(t) = G(t)g(t) + Q(1),

(D g)(t) = R(£)f(t) + V (1),
where the coefficients G, Q, R,V : [a,+00) — R are continuous and G, R are bounded:
|G llos 4 [[ Bloo < +o0.

Assume that, for the solutions (f;, g;), with @ = 1,2, of the system (1.3), there

exist points ¢; € [b, ¢] such that

(1.4) filth) = fo(t1),  9i(t2) = g2(t2).

(1.3) i tebd,
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Our main contribution in the present article, is to establish that there exists a positive

lower bound for ¢ — a. It is clear that, in the particular case of (1.2), by taking

(1.5) (fi,91) = (f,aD7f) and  (f2,92) = (0,0),

where f is a non-trivial solution of (1.1), we obtain the fractional version of Fite’s

theorem.

2. PRELIMINARIES

To make the presentation self-contained, we shall discuss here the regularity of

the solutions (f, g) and the transformation of (1.3) into an integral system.

1. Regularity of solutions. For v € (0, 1), consider the integral quantity

(Qaf)(t) = / %

where A : [a,+00) — R, andf : (a,400) — R are continuous and f satisfies the

ds, t>a, ~v€(0,1)

restriction
(2.1) Kn(t —a) f(t) = f, € R..

Observe that f may be infinite at ¢t = a.

In the following, for such functions f, we shall use the notations

I ll=(aine = masl(t = a) £ (2]

and

1f 1z @iy = sup [(£ = a)7[f ()]

te(a,c]
for all ¢ > b > a.

Obviously, || f|lz=(aqbe) < | fllLo(aqie)- It is easy to see that

(22) |fa| < sup ||f||L°°(a~/bc - ||f||L°°(a~/c

be(a,c)

Notice that for a <t < cand € (0,1)

A (s)] /|A (s —aylf(s)l
t—s

t—s VB(s —a)v

AN @l f 1l @)
N (t = 5)%(s —a)

a

=(t—a)""B(1-v,1-8)
(2.3) X || Al Lo (a,e) 1 f | 220 (amsc) -

ds
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We have used the change of variables s = a + A(t — a) for A € [0,1] and the Beta
function B, see [6, p. 6]. Remark also that

lin(t ~ 0)7(Qa.f)(#) = lim(t — @)’ (Qa.a )(t) = 0.

In particular, we have the estimate
t
[A(s)f ()]
(@-anol < [ G5
< B(1=7,7) - [[Allz=(@e | fllzoe(as0)-

Let us denote with C,((a, c], R) the set of functions f € C((a, ¢], R) which satisfy
(2.1) endowed with the usual function operations. Then, it is easy to check that
X

+ = (Cy((a, c],R), || * || Lo (a,;)) is a Banach space.

So, given f € X, and 5 € (0, 1), the function s — % belongs to L'((a,t),R)
for every t € (a,c|.
The next estimates are crucial for establishing the Fite-type result in this note.

On assuming that a < b < t; < ty < ¢ and making the change of variables
s =a+ Aty — a) for A € [0, 1], we get

/t2 ds = (ta—a)" 777 /1 _
by (t—s)8(s—ay 7 noa (1= N)BX

— (t2 _ a)l—ﬁ—’Y . /0 W . X[%J] ()\)d)\
= (tg — a)l_ﬁ_”
2 1 L 1
’ [/ TP O | T e
(2.4) = (ty —a)' P77 (I, + 1),

where g denotes the characteristic function of a Lebesgue integrable subset S of R.

For simplicity, we shall write x instead of xs from now on.
Introduce p, q,v,w > 1 such that %+% = % + i =1 and vp, fv < 1.
In the following, we shall estimate the integrals I, I, by means of Holder inequal-

ity:

I < /0% ( )15 MX(A)dA: zﬁ/f <§)VX()\)d)\
% g { / %[m)}w};

e = w; — {/02[X()\)]d)\}q

VRS
> =
~__
3

ISH

>
| I |
-]
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fT;j-{AﬂMMmﬁé<(fi;;~{[uumuy

Btr—13 — o\ N
(25) =¥ii——-ﬁ—¢1‘ﬁ sdnmvw(“ “)

tg—a, tQ—CL

L A
Al

(26) — o) (22)

By taking into account (2.5), (2.6) and (2.4), we deduce that

/: (ts — s)cés(s —a)? 13 (b2 — )™ 1‘”[0(1?, B:7) + c(v,7, 9)]
o {(520) (i)}

(27) == (t2 - a)l—ﬁ—’y[c(p’ ﬁ>’y) + C(”,’%ﬁ)] ’ (

1
t2 _ tl max{q,w}
t2 —a .

Next, we would like to estimate the quantity

t 1 1 1 J
L @—wv[@rww‘«w—$4 >
where 5,7 € (0,1) and 3+ v < 1.

Observing that

1 1 ds
B“—”J‘ﬁ“:mfﬂw%ﬂ'L (s —a)(t =)

B 1 /t2 ds
(o), (s—a)(te—s)
we get that

Ahwj@f{miﬁﬂ‘wEQst
t S t2 ds
:L w—@in—@ﬁ_l (5 —a)i(tz — s)°

t2 ds
=1 I4.
*A@—@ﬂwww 3l




388 T. ABDELJAWAD, D. BALEANU, F. JARAD, O. G. MUSTAFA, AND J. J. TRUJILLO

The integral I, was already evaluated, see (2.7).

Recalling that 1 — 3 — v > 0, we have

Ii=B(1—71-08)-[ti—a)"" 7 —(t, —a)' 7] <0.

So,
t1 1 1 1
/“ (s —a) {(tl — )17 (- s)l—w] ds < Iy
(28> < (t2 o a)l_ﬁ—’Y[C(p’ﬁj,y) + C(ny)/uﬁ)] ' (ttz:zl) e .

Finally, take f € X, and v, 5 € (0,1) such that 8+ v < 1, and observe that

(Q.4f)(t1) = (@p.af)(t2)|

[ 1 -0l = [t ] o

t d
- /t [As) - (s —a)'f(s)] - = s)ﬁs(s —a)
t d
< [[Allze @l Fll=@rpe - /t (ts — s);ﬁs —a)

t 1 1 1
+ ||A||L°°(a,c)||f||L°°(a,v;c)/ (s—ay [(tl —5)%  (ty— 3)6} ds

S ||A||L°°(tl7€)||f||L°°(a,7;c) : 2(t2 - a)l—ﬁ—'y[c(p’ ﬁ? 7) + C('Uv v ﬁ)]
<t2 — tl) ml g o}
X
tg —a

1-f—y———

- 2(t2 - Cl) max{g.w} . [C(pv ﬁ? 7) + C(U> e ﬁ)]
I

X (ty — tq)maxtowt . ||A||L°°(a,0)||f||L°°(a,'y;C)

= C . (t2 — a)l_’@_w_ max{lq,w}

1
(2.9) X (b — t1)mextawt - || Al| oo a0 [ | 220 (0700

where C' = C(p,v, 8,7) = 2[c(p, 3,7) + c(v, 7, B)].

Before going further, recall the following inequality: given the numbers A, B > 0
and 3 € (0,1), one has

(2.10) (A+ B)’ < A% + B°.
For A =1t; — a and B =ty — t;, the inequality (2.10) leads to
0< (ty—a)’ —(t, —a)’ < (t, —t,)°,

an estimate that will be used in the next series of computations.
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Now,

|(tr — @) (Qp.af)(t1) = (ta — @) (Qp,af) (L)
= [(tr — a)°[(Qp.af)(tr) — (Qp.af)(t2)]
— (Qaal)(t)[(ta — @) = (ts — @)
< (tr—a)’ - [(Qp.af)(t1) — (Qp.af)(t2)]
+[(Qp.af)(t)] - (t2 — t1)"
< (t — a)? - Clty — a) ™07 maxtan (ty — t)mactae)
X || All oo (@) | fll ¢ @sc)
+(t2—a)"7B(1 = 7,1 = ) - |All s @ 1 f | 2% ase)
X (ty —t1)°
(2.11) < [C(c —a)? - (ty — @) P ey
+He—a) 7 B =, 1 = B)] 1Al ae | l=(are)
X max {(t2 — ) e (L — tl)ﬁ}
(2.12) < DAl ooy 1 ey max { (£2 = 427007, (1 — 11)°

where D = D(p,v,3,7,b—a,c— a). We took into account the estimates (2.3), (2.9).

Let us make a comment regarding D and (2.11). If we don’t know the sign of the

quantity 1 — 8 — v — maxlq’w} then we are forced to use the raw estimate

(tp — @) P mmTw < (b — o) P w4 (¢ — o) P

which shall reflect on the size of D. If, on the other hand, we have 1 —3—~v——1

0 then

(ty — @) P et < (c—a)' P E e, by € [b, ],
and so
(213)  D=C-(c—a) " mast 4 (c—a)' PV B(1—7,1-f).

Observe that D is independent of b, a fact of crucial importance for our investigation.

In conclusion, given f € X, the functions t — (Qg.af)(t) and t — (t —
a)?(Qp.af)(t), with 0 < 3 < 1 — v, are continuous in (a,c| by being uniformly
continuous on each interval [b, ¢|, with b € (a, ¢).

In this note, by a solution of the fractional differential system (1.3) we mean any

pair (f, g) of functions from X;_, which verify the equations of the system.
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2.2. Integral representation of (1.3). Consider now the first of equations (1.3),

namely

(2.14) (D f)(t) = G)g(t) + Q(t), te bl
where a € (%, 1).
To use the estimates from the preceding subsection, introduce the quantities

1

There exist p = v > 1 such that
1
=fv < =.
Ww=Pu<g
Also, ¢ = w.

An important consequence of this choice of constants is that

1

11
- -y =1-2y—— == —2y> 0,
max{q, w} qg p

which leads to a quantity D in (2.13) which is independent of b € (a, ¢).

2y—1 2y—1
2P <2 7 —9% we have
(1=yp)P (3)?

C =2[c(p, B,7) + c(v,7, B)] = de(p,v,7) < 220+ = 22G~9)

Also, since ¢(p,v,7) =

and respectively

D < 222=9 (¢ — a)o‘_% + B(a, a)(c — a)?* !
(c—a)®

2.15 < [2227%) 4 B(a,a)] - 1 .
(215) < + Bleo) min{(c — a)q, (c — a)'=*}

Now, recasting (2.14) as

A O IS
2| [ Eeas] = ra - wicwa + o)

we deduce that

[ s [ P
(216) =101 -0) [ 1610 + Qs

By taking into account the simple estimate

t 1 o ) 8
/a T s)(s—aye (8 =) " f(s) — fold

s—a)
< B(a,1—a)- sup |(s —a)' " “f(s) — fal,

s€(a,t]
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the identity (2.16) yields

t f(s) B . t el s
/a(t_s)ads—faB(Oé,l—Oz)—F(l )/G[G( )g(s) + Q(s)]ds.

Further, we have

x 1 t f() . .(x_a)a
/a <x—t>1—a/a =gy odt = faBlasl =) —2

=T(1—«) /x W/ [G(s)g(s) + Q(s)]ds dt.

Next, the left hand member of the preceding identity becomes

/: fle) /: (z — t)lit“(t — S)“ds ~ fuBloy1 =) - _aa)a

= Bla1—a)- [ f)ds — fula1—a) - 20

o

while the right hand member reads as, by means of the Abel computations [9, p. 32,

eq. (2.13)],
o[ [ Gl 00,

By differentiating with respect to x, where x > a, the identity

(z —a)®

B(a,1—a) - /1‘ f(s)ds — foB(a,1 —a) -

/ / Udsdt,
t—51 @
we get

 fa L[PG+ Q)
(217)  f(z) = + )/a ( 0 ds, w € (ad]

(x —a)l=  T'(« x—s)l-

«

Notice that, since g € X;_,, the function s — G(s)g(s) + Q(s), denoted H, is
also in X;_,. We have H, = G(a) - g, As f+7=(1—a)+ (1 —a) < 1, the integral
from the right side of (2.17) is (Qs1H)(z) and both (Qp1H)(x), (z — a)?(Qp1H)(x)

are continuous in (a, c|.

Similarly,
(2.18) g(z)= —%° 4 1)/mR(S()f(S)+V(S)ds, z € (a,d.

(x —a)t=  T'(« x —s)l-@

For other derivations of formulas (2.17), (2.18), see [9, p. 837 and following] and
6, pp. 122-123]
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3. MAIN RESULT

Theorem 3.1. Set p > 1 such that (1 — a)p < 1 and take ¢ = ijl. Assume that

there exist the solutions (f;, g;) of the SFDE system (1.3) such that (1.4) holds for
some ty,ty € [b,c|. Then,
1
max{(e-a). =0} p
min{(c — a)s, (c — a)t-o} 227+ B(e, )’
where m = max{||G||co, || R||co }-

m-(c—a)®

Proof. We have the relations

o (fa L[ Gls)gils) + QL)
fl(t> - )/a d

(t Z a))l—a F(la . R ()tf_ S)_l'__:;( ) ’ tebc, i€e{l,2}.
(4) — 9i)a s)fi(s s .
o) (t —a)l- - () /a (t— s)i-o ds,

Take b <t < t; < c. By means of (2.12), we deduce that

(= @)= (fo— )8

(= @)= (fa = f)(0) — (¢ — @)= (fa — F1)(D)
1 -«

kEJWQ—a> (O1-acg — ) (O

— (t1 —a)' " (Qi—ac(g2 — 1)) (t1)]]
D

< NGl a,c - (g 1—a:c

~ T'(a) |G| (@) 192 — 91l Lo (@1 -ae)

X max {(tl — t)%’ (t; — t)l—a}
D||G||so B

< % max {(c —b)a, (c— b)l—a} Nlg2 = 91l 2 (@1 —ase
D||G||so )

< lu(a@ max {(C —a)s, (c— a)l—a} g2 = g1l oo (a1 —ase)-

The case b < t; <t < ¢ leads to the same conclusion. So,

1fo = fill e @r-ame) < B [[Glloo - 192 = g1ll oo (a1 -ase)
(3.1) < E-max{||Glloo, [|Bllsc} - [l92 = 91ll L% (@1~ ai0)

where, by using (2.15), we have

E = %max{(c—a);,(c—a)l_“}

(3.2)
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Similarly,

lg2 = 9rllL@1-ame) < B+ [[Blloo - [ f2 = fill Loo(a1-ase)
(3.3) < E-max{||Glloo, | Bllsc} - [[f2 = fill 2o (@1-ace)-

In conclusion, as E is independent of b, by taking into account (3.1), (3.3) and
(2.2), we get

X < E-max{|[Gllos, | Blloo} - X,

where X = maX{Hf? - f1||L°°(a,1—a;c)> ||92 - gl”Loo(a,l—a;c)}'

The proof is complete. []

4. PARTICULAR CASES

In the particular case of (1.1), (1.5), Theorem 3.1 provides an upper bound to
the length of the open interval (a, ¢) in which at least one of f and ,D¢ f has no zero.
Such an interval can be called a (fractional) disconjugacy interval of SFDE (1.1). This
type of investigation might be useful for problems related to the localization of zeros

of various fractional variants of sine and cosine type of functions, cf. [4], [6, p. 19].

Another particular case is that of sequential relaxation-oscillation equations,

namely
D D)+ P-f=V(t), telbd,

where o € (%, 1), the coefficient P > 0 is constant and the free term V' : [a, +00) — R
is continuous. As before, we are interested in the solutions f such that f, ,Dff €
Xi_a. Such solutions exhibit several zeros for various terms V — see the numerical
investigations from [6, pp. 224-226, 238-242].
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