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NON-EXISTENCE OF GLOBAL SOLUTIONS FOR A
DIFFERENTIAL EQUATION INVOLVING HILFER
FRACTIONAL DERIVATIVE

KHALED M. FURATI, MOHAMMED D. KASSIM, NASSER-EDDINE TATAR

ABSTRACT. We consider a basic fractional differential inequality with a frac-
tional derivative named after Hilfer and a polynomial source. A non-existence
of global solutions result is proved in an appropriate space and the critical
exponent is shown to be optimal.

1. INTRODUCTION

We study the Cauchy problem of fractional order with a polynomial nonlinearity
(DgPu)(t) > Plu®)|™, >0, m>1,6€R

(DY u)(0) = b >0, (1)
where
(D52 () = (150190 ) ) (1.2

dz

is the Hilfer fractional derivative (HFD) of order 0 < o < 1 and type 0 < 8 < 1,
v=a+ B —af and I§,, o > 0, is the usual Riemann-Liouville fractional integral
of order o. This type of derivatives were introduced by Hilfer in [19, 20]. These
references provide information about the applications of this derivative and how
it arises. It is easy to see that this derivative interpolates the Riemann-Liouville
fractional derivative (8 = 0) and the Caputo fractional derivative (8 = 1) (see
[25] 33]). The special case 8 = 0 has been discussed in [29].

In this article we find the range of values of m for which solutions do not exist
globally and establish an optimal exponent (in some sense) by showing that solu-
tions do exist beyond this bound in a certain space. The existence and uniqueness
for the general problem

(DX u)(t) = f(t,u), O0<a<l1l,0<pB<1 t>a,
(D)7 ') (a+) = ¢ > 0,
has been established in [II] in the space
Ol la,b) = {y € Cisfa,b], Dgif'y € Crosa, b]}
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where C1_[a, ] is the weighted space of continuous functions on (a, b]
Ci5[a,0] = {g: (a,b] = R: (z —a)'g(z) € Cla, b]}.

The special cases § = 0 and 8 = 1 may be found in [21 22] 23] 24} 25]. These cases
correspond to the Riemann-Liouville derivative and the Caputo derivative cases,
respectively. Problems with such derivatives have been treated in many papers,
we cite a few of them [4, [5] @, [7, 8 @, [10) T3], 14 15| 16} 27, 28| 29] [36], and refer
the reader to the books [25] [33] B5] for many other properties of such derivatives.
The applications of these types of derivatives are numerous. Some of them may be
found in [T}, 2} 3} 18] 26] 30} BT} 33 B4, B5]. However, we cannot find much on Hilfer
type derivatives.

The next section contains some definitions, notation and some lemmas which
will be useful later in our proof. In Section 3 we state and prove our non-existence
result. Finally, in Section 4 we give an example showing the existence of solutions
in case the exponent is higher than the critical one found in the previous section.

2. PRELIMINARIES

In this section we present some definitions, lemmas, properties and notation
which will be used in our results later.

Definition 2.1. Let Q = [a, b] be a finite interval and 0 <y < 1, we introduce the
weighted space C, [a, b] of continuous functions f on (a, b]

Cylad] = {f : (@8] = R : (2 — a) " (z) € Cla, B]}.
In the space C,[a,b], we define the norm
[flle, =z —a)"f(@)llc,  Cola,b] = Cla, b].

Definition 2.2. The Riemann-Liouville left-sided fractional integral I, f of order
a > 0 is defined by

(1% ) (x) == F(la) /x G f(tt))l_adt, (@a<z<b a>0)

provided that the integral exists. Here I'(«) is the Gamma function. When a = 0,
we define Ig+f = f. In fact, one can prove that I, f converges to f when a — 0.

Definition 2.3. The Riemann-Liouville right-sided fractional integral I}* f of order
a > 0 is defined by

b
(I () = (1a) / G / f))la dt, (a<z<b, a>0)

provided that the integral exists. When a = 0, we define I g_ f=r

Definition 2.4. The Riemann-Liouville left-sided fractional derivative D, f of
order v (0 < v < 1) is defined by
d -«
(Day f)(x) = @(Iﬁ )(x);
that is,
L d T
DY f)=—"— | 2t >a, 0<a<l),
(Do f) F(l—a)da:/a (x —t)> (>a a<l)

when a = 1 we have DZ, f = Df. In particular, when o = 0, D2+f =f.
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Definition 2.5. The Riemann-Liouville right-sided fractional derivative D" f of
order a (0 < a < 1) is defined by

(D5 f)w) = = (115 )
that is,
b
(Dg_f)r(ll_a);i/ (tf_(tx))adt (a<z<b 0<a<l).

In particular, when o = 0, Dg_f =f.
Definition 2.6. We define the space
€7 la.b] = {y € C1_y[a,b), DY,y € C1_[a,b]}.
Lemma 2.7 ([25, B5]). Let 0 < a < 1l and 0 <~y < 1. If f € C;, the space
of continuous functions on [a,b] such that their derivatives are in C., then the

fractional derivatives DS\ and Dj' exist on (a,b] and [a,b) respectively, and can
be represented in the forms

(z— D)

wgﬁm=ralwhj@P+Lffmw}

f(b) " f(at
AT

— T

and

PN = 5r=m

Next, we have the Semigroup property of the fractional integration operator I, .

T (t_x)a .

Lemma 2.8 ([25,35]). Leta >0, 8>0and0 <~y < 1. Iff € Ly(a,b),1 <p<oo
then the equation

I f =150 f
holds at almost every point x € [a,b)]. When a + 8 > 1, this relation is valid at
any point x € [a, b].

Next is the fractional integration by parts.

Lemma 2.9 (25 B35]). Leta > 0,p>1,q¢>1 and%—ké <l+a{(p#1and
q # 1 in the case when % + % =1+4a). Ifp€ Ly(a,b) and ¢ € Ly(a,b), then

b b
[ etz = [ v e @

Definition 2.10. The fractional derivative °Dg, f of order « € R (0 < a < 1) on
[a,b] defined by

Dy, f=1,5"Df,
d

dz?

where D = is called the Caputo fractional derivative of f of order o € R.

Theorem 2.11 (Young’s inequality). If a and b are nonnegative real numbers and
p and q are positive real numbers such that 1/p+1/q =1 then we have
a? bl
ab < — 4+ —.
p q
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3. NON-EXISTENCE RESULT

In this section we establish sufficient conditions ensuring non-existence of global
solutions. In particular we find a range of values for the exponent m for which
solutions cannot be continued for all time. The proof is based mainly on the test
function method developed by Mitidieri and Pohozaev [32] and some adequate
manipulations of the fractional derivatives and integrals. In addition to the results
stated in the Preliminaries Section we need the following lemma.

Lemma 3.1. If a > 0 and f € Cla,b], then
(12, £)(a) = lim (1€, £)(¢) = 0
and

(I 1) () = (I £)(8) = 0.

Proof. Since f € Cla,b], on [a,b], we have |f(¢)] < M for some positive constant
M. Therefore

(12, F)(t)] < % / (t— )71 (s)|ds

o)
M e
< g [, 0o

M alt _ M —a «

= OéF(O[) [_(t - S) }s:a - m(t ) .

As a > 0 we see that
(La4 F)(a) = lim (I3, £)(t) = 0.

a

The second part is proved similarly. ([l

Theorem 3.2. Assume that 6 > —a and 1 <m < %. Then, Problem (1.1)) does
not admit global nontrivial solutions in CILW, when b > 0.

Proof. Assume, on the contrary, that a nontrivial solution u exists for all time ¢ > 0.
Let ¢ € C1([0,00)) be a test function satisfying: ¢(t) > 0 and ¢ is non-increasing

such that
1, tel0,T/2,
olt) = o1
0, telT,o0),
for some T > 0. Multiplying the inequality in (L.1) by ¢(¢) and integrating we

obtain
T

T
| @aro@ewi= [ e (3.1)
and from the definition of (Dg‘;’au)(t) (see (1.2)) we can write
T osaa d - T s
| i G m et [ e (3:2)

By Lemma we may deduce from (3.2]) that

/0 %(IJI”U)(t)(I?Q*“)@)(t)dtz /0 1 u(t)|™ o (t)dt. (3.3)
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An integration by parts yields

T
() () (T2 o) (0] g — / (127w (1) L

70V (t)dt

r 1) m
> / Elu(t)| " o(t)dt.

Using Lemmawe see that (Iéj«(j*a)go)(T) =0 and (IOJr u)(0) = (D0+ u)(0) = b,
S0

d

(I3 o) (t)dt > / Tt6|u(t)\m¢(t)dt.
dt = Jo

T
—b<1?9*°‘)¢><o> - / (I u) ()

From Definition [2.5] it follows that
T

_bggg—aw@ + / (57w (8)(DLO ) (1) dt > / 19 u(t) (1)t
and from Lemma 2.7 we see that
— oI55 p)(0)

T T '(s)ds
+/0 (Ié+ ﬂ/u)(t)[l—‘[ﬁ(ll_ )] ((T_f)(lj_%(l_@ _/t (s _i)(1—)g(1—a))} (3.4)

T
) m
> / 0 u(t)| ™ o(t)dt.

Since ¢(T') = 0, relation (6) becomes

B2 )(0) — / (L) () (120 ()t > / 9 lu(t)| (1) dt.

0
Lemma [2.9] allows us to write

—b(15 ) (0) — / o' (OIF VI ) (bt > / 2 lu(t)| ™ (t)dt,
and by Lemma [2.§|
T T
— b0 ) (0) — / O (O (IL “u)(t)dt > / £ u(t)[ ™o (t)dt. (3.5)
0 0

Notice that

4 / 1-o — —1 ! ! t u(s) ]
- [ ewa “><t>df—p<1fa> | e[ Enasa

—r(ll—a/ '/

Since ¢(t) is nonincreasing, ¢(s) > o(t ) for all t > s, and
1 1

<
p(s)t/m = p(t)t/m’

dsdt.

0<s<t<T, m>1.

Also we have
ot)=0, tel0,T/2].
Therefore,

T
- [ e ana < 7 [

S 1/m

(5)7m dsdt
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LT Ol O i,
/0 o(s)/ ™dsdt

ST =a) Jo w07 )y (= s)°
LT Ol [ ] e
< e Joga P07 ), e
Hence,
4 / —« r |(p/(t)| —a, 1/m
- dommoas [ St o
By Lemma [2.9]
T / l—« r 11—« |§0/| m
- / @ (1) (137 w) (0t < /T NG CEORC D

(Note that we may assume that |¢’(t)|@(t)~*/™ is summable even though ¢(t) — 0

as t — T, for otherwise we consider ¢*(t) with sufficiently large exponent )\). Next,
we multiply by #/™.t=%/™ inside the integral in the right hand side of (8)

T T
- / o (I u) (t)dt < /T .

For —a < § < 0 we have t=%/™ < T=%/™ (because t < T) and for § > 0 we obtain
t=0/m < 28/mp=9/m (hecause T/2 < t), that is

t=9/m < max{1,2%/m}yr=%/m,

5/m

—a ¢ m?
(B o) et G ol

Therefore,

T
- / o (I u) (t)dt
0 . (3.7)

- — |S0/| m
S mas(1, 200 [z 00

A simple application of the Young inequality (Theorem [2.11)) with m and m’ such
that i + # =1 gives

- [ e

1 T 1 26/m m’ o T / m/
= t(s(p(t)|u(t)|mdt+ (max{1, g H Tf%/ (I%—a |¢'| ) (t)dt
m T/2

IN

m Jryo T opl/m
1 (T 1,28/mym” T 1y
< 7/ O p(t)lu(t) mat + AL 27 TJ"T/ (= - )" (b
m Jo m T/2 @
or
T
/0 & (O u) ()dt
1 (T 1,28/mym” T "N
> [ e - BV s [ e 2 g
m Jo m T/2 pl/m

Clearly from (3.5)) and (3.8)), we see that

a 1, 98/m m’ - T / ,
_ b([éi(_l )90) (0) + (max{ ) }) T 5m / (Il—_a |<P I )m (t)dt
m T/2

)ﬂ
AS)

<
3
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> (=) [ Pt

or since b > 0,

1 T 1.98/m m’ e nNom/
7// t5|u(t)|mg0(t)dt < (maX{ ) }) T_%/ (I:}fa “Pl ) (t)dt.
m-Jo

m/ T2\ M
Therefore, by Definition [2.3] we have
T
| el ea
0
T T / ’
" i OIS
< (max{1,28/m\ym' 7= / <7/ (s—t)7 ¢ ds) dt.
et 2770 vy T~ ) J; o)1/

The change of variable o1 =t yields

| e

et [ 1 4 —o |¢'(s)] ’
< (max{1,2%/™ mT*JT/ 7/ s—oT ds)™ Tdo.
mat1, 2770 T Jop 0 7T) ™

Another change of variable s = T gives

T
| e
my\ym’ p— oml ! 1 ! —a |90/(7')| m
< (max{1,29/m}ym' P /1/2 (m/o(rT—aT) (p(r)l/mdr) Tdo,
or .
| e
, (3.9)
(Inax{1725/m})m 1—am’—ém’/m ' ! r— o) @ |90/(7n)| . m’ o
ST Tw(ica) | /1/2([,( ) e

It is clear that we may assume that the integral term in the right-hand side of (3.9)
is bounded; that is,

/1/2 (/U (r—o)™® ;(O,j)(f/)lldr)m do < Ky,

for some positive constant K7, otherwise we consider ¢*(r) with some sufficiently
large A. Therefore,

T
/ P lu)|mp(t)dt < KyTt—om'=om'/m (3.10)
0

with

(max{1,25/m}ym’
I (1-—a)

Ifm < % we see that 1 —am’ —ém’ /m < 0 and consequently Tt —om'=dm'/m _, ()

as T'— oo. Then from we obtain

T
lim u(t)[™p(t)dt = 0.
T—o0 0

KQ = Kl.
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This is a contradiction since the solution is supposed to be nontrivial.
In the case m = ‘S%i we have 1 — am’ — ém//m = 0 and the relation ({3.10)

1
ensures that
T
lim [ Ou(t)|e(t)dt < Ko. (3.11)

T—o00 0

Moreover, it is clear that

T /
— <p m m
=Dy wem e
T/2 4

T

- {/sz (7= <p|<1p/lm)m/ (1)t " [ /T B £ o(t)lut)mde] ™.

This relation, together with (3.5 and , implies that

T 1/m

/ o < 1| [, e

for some positive constant K3, with
T

lim 2 o(t)|u(t)|™dt = 0
T—o00 T/2

due to the convergence of the integral in (3.11)). This leads again to a contradiction.
The proof is complete. [l

4. SHARPNESS OF THE BOUND

In this section we want to prove that the exponent f_% is sharp in some sense.

We will show that solutions exist for exponents strictly bigger than %. For that
we need the following lemma

Lemma 4.1. The following identity holds

(Dgl(s —a)” ")(t) = Tlo—a)

where 0 < a<1and 0 < B < 1.

(t—a)’ Y t>a, 0>0,

Example 4.2. Consider the following differential equation with Hilfer fractional
derivative of order 0 < a < land 0 < 3 <1,
(Dey)(8) = At — )’ [y(®]™, ¢ >a, m>1 (4.1)

with A, 6 € R (A # 0).
Look for a solution of the form y(t) = ¢(t — a)” for some v € R. Let us find the
values of ¢ and v. By using Lemma [£.1] we have

o y c'(v+1 v—a
(Daf[c(S—a) D) = F(V(—oz—l—)l)(ta) , v>-—1,t>a.
Plugging this expression in (4.1)) yields

cl(v+1)

m(t — a)V—a — )\(t N a)é[c(t B a)”]m,
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D(££2 +1)

1—m

: _ a+d — [ MT=m T
We obtain v = ££2 and ¢ [)\F(ynij;lé_,’_l)

: J1/(m=1_ That is,

D(£E8 1) q1/0m-1)
(== +1) } t

\m T — a)latd)/(1=m)
AF(%I{S +1)

y(t) = [

is a solution of (4.1)). One can easily check that y € C1_ with m =1+ "—"‘6 which

£ 5+1

is clearly bigger than the critical exponen if § > —a. Moreover, the condltlon

(DX 'u)(0) = b is satisfied with
B [ INCE :|1/(m71)
AD(matd 1)
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