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ASYMPTOTIC BEHAVIOR OF SOLUTIONS OF FORCED FRACTIONAL
PARTIAL DIFFERENTIAL EQUATIONS

N. NAGAJOTHI! AND V. SADHASIVAM

ABSTRACT. This paper deals with the boundedness of nonoscillatory solutions
of forced fractional partial differential equations subject to the Robin and Dirich-
let boundary conditions. The technique used in obtaining their results will ap-
ply related fractional differential equations with Psi-Hilfer derivative. The main
results are illustrated with an example.

1. INTRODUCTION

Fractional calculus has gained importance during the past three decades due
to its applicability in diverse fields science and engineering. The origin of frac-
tional calculus traces back to Newton and Leibniz in the seventeenth century.
The fractional differential equations find numerous applications in the field of
feed back amplifiers, visco-elasticity, electrical circuits, neuron modeling encom-
passing different branches of physics, fractional multi poles, electro analytical
chemistry and biological sciences. It has allowed the operations of differenti-
ation and integration to any fractional order. The order may take on any real
or imaginary value. Since the beginning of the fractional calculus, there are
numerous definitions of integrals and fractional derivatives, and over time, new
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derivatives and fractional integrals arise. These integrals and fractional deriva-
tives have a different kernel and this makes the number of definitions wide, see
the references [2,5,8,9,11,15,16,18-20,22-25] and those cited there in.

Recently, the research on the theory of fractional partial differential equations
is a very interesting topic and some results are established. We refer the articles
[14,21] for fractional partial differential equations.

Results on the oscillatory and asymptotic behavior of solutions of fractional
and integro-differential equations are relatively scarce in the literature; some
results can be found, for example, in [1,3,4,6,7,10,12,17] and the references
cited therein. Currently there does not appear any such results for forced frac-
tional partial differential equations of type (1.1). Motivated by this gap, we
propose the following model, which obviously generalizes the previous models.

Now, we consider the forced fractional partial differential equation of the form
(1.1) CDf_’f;wy(x,t)+f(t, u(x,t)) = b(t)Au(z, t)+e(z,t), ¢>1, (z,t) € QxR
where y(z,t) = Za(t) Zu(z,t), DT is the ¢ - Hilfer fractional partial deriva-
tive of order o (0 < o < 1) and type 3 (0 < § < 1). Here 2 is a bounded domain
in RY with a piecewise smooth boundary 9 and A is the Laplacian operator in
the Euclidean N-space R¥.

Eq.(1.1) is supplemented with the boundary condition

ou(z,t)

(1.2) >

+g(z, tu(z,t) =0, (x,t) € 00 x RT,

where v is the unit exterior normal vector to J2 and g(z,t) is non-negative
continuous function on J2 x R* and

(1.3) u(z,t) =0, (z,t) € 9Q x R,

In what follows, we always assume without mentioning that

(A1) a(t) € C*T([c,00),RT),RT = (0, 0);

(A2) b e C(RT,R*);

(A3) f : [c,00) x R — R are convex in (0,00) and there exist a continuous
function % : [¢,00) — (0,00) and a real number p with 0 < < 1 such
that z f(t,z) > k(t)|z|**! for z # 0, > ¢;

(Ay) e(x,t) € C(G,R).
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By a solution of (1.1), (1.2) or (1.1), (1.3) we mean a function u(z,t) €
C***(@) N C(G) which satisfies (1.1) on G and the associated boundary condi-
tion (1.2) (or (1.3)). A nontrivial solution u(z,¢) of (1.1), (1.2) is said to be
oscillatory in G if it has arbitrarily large zeros, otherwise, it is nonoscillatory. An
equation (1.1) is called oscillatory if all its solutions are oscillatory.

In this paper, we begin with some preliminaries in Section 2. In Section 3,
we prove the sufficient conditions for every nonoscillatory solution wu(z,t) of
equations (1.1), (1.2) ((1.1), (1.3)) to be bounded. In Section 4, we present
an example that apply the results established. Finally, some conclusions are
presented at the end of this article.

Define
1.4 v(t) = L/u(alt,t)d:c, where|Q| = / dx,
9] Jo o
1
(1.5) E(t) = @/Qe(x,t)d:p.

2. PRELIMINARIES
Definition 2.1. The left-sided fractional integral of a function g with respect to
another function 1) on [a, b] is defined by

o — 1 ! / a—1
(Ig)(t) = m/@ () (V) = ()" g(s)ds, t > a.

Definition 2.2. Let ¢'(t) # 0 (—oo < a <t <b < o0)and a > 0, n € N. The
Riemann-Liouville fractional derivative of a function g with respect to v of order «
correspondent to the Riemann-Liouville is defind by

R — 1 1 i " ' /S o S n—a—1 s)ds
090 = o (ap) | 00 @00 = 0l g(s)as

where n = [a] + 1.

Definition 2.3. Let « > 0, n € N, [ = [a, b] is the interval (—oco < a <t < b < 0),
g,v € C"([a, b],R) two functions such that v is increasing and ¢/’ # 0, forall x € I.
The left v - Caputo derivative of g of order « is given by

gty = e () ot
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where n = [o] + 1 for « ¢ Nand o = n for a € N.

Definition 2.4. The 1 - Hilfer fractional derivative of a function g of order « is
given by
1 d
DYPY g\ (1) = [PA-)d — ) JA=B)A=a)d oy
(D) 1 Py g(t

The ) - Hilfer fractional derivatives as above defined, can be written in the following
Da"g‘wg(t) — ]v—a;va;wg@)'

Definition 2.5. The v - Hilfer fractional partial derivative of a function u(z,t) of
order « is given by

1 0
W'(t) Ot

In the definitons above I'(x) is the usual Gamma function given by

(DS u) (2, t) = [P0 ( ) [O0=P0=0)%y (g, ).
['(x) :/ s" e %ds, x> 0.
0

Lemma 2.1. Let a and p be positive constants such that

pla—1)+1>0.

Then [ ot — syple—Versds < Qer*, t > 0, where
0= I'(1+pla—1))
- p1+p(a—1) :

Lemma 2.2. [13] If X and Y are nonnegative and 0 < p < 1, then
Xt —(1—p)Y* —puXYyr1<o,

where inequality holds if and only if X =Y.

3. MAIN RESULTS

Theorem 3.1. If u(x,t) is a solution of (1.1), (1.2) for which u(x,t) > 0in G,
then the function v(t) defined by (1.4) satisfy the fractional differential inequality

(3.1) DYFVY () + f(t,v(t))) < E(t).
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Proof. Suppose that u(z,t) is a nonoscillatory solution of (1.1), (1.2). Without
loss of generality, we may assume that the solution u(z,t) > 0 in G X [ty, 00) for
t >ty for some t, > c.

Integrating (1.1) over (2, we obtain

(3.2) / ifwy (x,t)dx + / ft,u(x,t))de = / b(t)Au(x,t)dx + / e(x,t)dx.
Q Q Q

Using Green’s formula, it is obvious that

(3.3) / Au(z,t)de =0, t > 1.
Q

By applying, Jensen’s inequality, we have

(3.4) [ #ttute o = 7t [ utaitda) = (6,000
Q Q
Combining (3.2)-(3.4) and using (1.5), we get
(3.5) DY () + f(t (1) < E(t).
Ol

The above equation is equivalent to the nonlinear Volterra type integral equation

Y(t) <cot ﬁ/ Y(E)W(t) — () E(E) — f(& v(8))]dE e > 1,

where « > 0. By taking the limit as 5 — 1 and choosing (¢) = ¢, the equation
(3.5) reduces to usual Caputo fractional differential equations. So our newly
obtained oscillation criteria can be applied to those class of Caputo fractional
differential equations [12] also and in addition to that for a different choices of
1 a wider class of differential equations can be covered.

Theorem 3.2. Let us assume the Conditions (A,) — (A4) hold and suppose that
'(&) > X for some A > 0 and for all £ # 0. Also assume that there exist real
number p > 1 and 0 < « < 1 such that p(a — 1) + 1 > 0, there are numbers S > 0
and o > 1 such that

»(t) ot
3.6 —L < Se?
>o o) ="

and there exists a continuous function n : [c,00) — (0, 00) such that

3.7) /ooe “nl(&)dé < oo, where q = ]%
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If
. 1 ¢ / a—1

(3.8) i sup 7 / FEW(E) — (€)™ E(€)de < oo,

(3.9) liminf /w (€)* B(€)dE > —oo,

where

1 [tfe
G100 Jmg [ [ WOWE - v O)r i€ < o
c t1
then any non-oscillatory solution u(z,t) of (1.1), (1.2) are bounded.

Proof. Let us suppose that v(¢) be a non-oscillatory solution of (3.5). We may
assume that v(t) > 0 for ¢t > t; for some t; > ¢. We let F'(t) = f(¢,v(t)) and we
use (A;) — (Ay). We see that the equation (3.5) can be written as

(alt)/( Co+—/ v(e ()" B(©)lde
- / e (&) F(€)|de
(3.11) F(la /¢ (£) T B(&)d¢
- ﬁ OO (©) ~ n(E@) i) ~ v(©) g
i L @00 - O e

Using the fact that (v(t) — ¥(£)*! < (¥(t;) — ¥(€))*! in the first and second
integrals in (3.11), we get

(@O (1) < e1 + 1 1 PO — (€)1 B(E)de

L [ Ok (6)—77(6) (1 (E) — (E))*de
—ﬁ (O - v nEm (e,

where ¢, = co + ks [1 ¥(§) (W(ty) — $(€))* [ B(E)|dg

1 h / a—1
) / G(E) () — (€)) | F(€)de.

(3.12)
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Applying Lemma 2.2, with
X =i©ue. ¥ = (07 )"

we obtain k(€)v"(€) — n(€)v(€) < (1 — p)nm T (E)kT7 (E)uTr = H,(€).

and substituting this into (3.11), we have

(alt) / e ) B(E)de
(3.13) / W'(€ )* T H,,(€)de

- m 5 1/1 () ((t) — (€)™ n(€)v(€)de.

An integrating of (3.12) from ¢, to ¢, we have

a(t)v'(t) <a(t)v'(t) +alt —t) + 5 @/J Y(€))* 7 B(€)dgdC

t1 Jt1

1 t a—1
o / tlws)(w(o—ws» H,,(€)dedC

1 ! ¢ / a—1
—m V(€ —(€)*  n(&)v(§)dEdC

t1 Jt1

<a(ty)v'(t) + et - = ¢ $(€)* H,(€)dedC

t1 Jt1

1 Oé
*m/ﬁ“ ((t) — ()" E(€)de

/t PO W) — (E) (E)(€)de.

- T(a+1)

In view of (3.8)-(3.10), the last inequality implies

a(t)v'(t) <




6184 N. NAGAJOTHI AND V. SADHASIVAM

for some positive constants ¢, and c3. Integrating (3.13) from ¢; to ¢ and noting
condition (3.6), we see that

t 1 t é—
U(t) Sv(tl) + Co /t1 Edé + c3 /tl mdf

Lo [
-t [ 98 [ w0 - v e

L e [ -
O el AR GEGETS

for some constants ¢, > 0. From the mean value theorem,

o t ¢
Ga) ety [ 48 [e-omonede

Applying Holder’s inequality and Lemma 2.1, we obtain 1 1
JSUC=8 ) e Sn(€)u(€)dg < ([S(C — gpieVercag)” ([ e wm(e)or(e)d)”
< (¢ = revertag)” (< e-p(eyur()dg )"

(3.15) < (Qe™) ( /t j e—qinq(g)uq(g)dg) % :

From (3.6), (3.14) and (3.15),

QI [UOE ([ e sieraierge)”
o <ot 05 [ () rremen)

%)\O‘S t ¢ é
e % / e lo6 ( / | e—qfn%@v%é)dé) .

Since o > 1 and the integral on the far right in (3.16) is increasing, we obtain

(3.16)

the estimate

1
q

¢
(3.17) v(t) <1+ + K (/ e—qan(g)UQ(g)dg)

1
QP S\

where K = m.
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Applying the following inequality:
(x+y)?1 <207 (274 y?) for z,y>0 and ¢>1, to (3.17) gives:

Vi(t) < 207 (L4 ¢g)? + 207K ( / C eqfnq<5>vq<s>d5) .

t1

Setting A = 29-1(1 + ¢4)9, B = 29-1K9 and W (t) = v9(t) so that v(t) = Wi (t),
equation (3.17) becomes

W(t) <A+ B (/C e_qfnq(f)W(é“)dS)

t1
for t > ¢,. By Grounwall’s inequality and condition (3.7), we see that W (t) is
bounded, and so v(t) is bounded. Clearly, a similar argument holds if v(¢) is an
eventually negative solution of (1.1), (1.2). O

Next, we consider the forced fractional partial differential equation
(3.18)
CDi’fwy(x,t) + f(t,u(z,t)) = b(t)Au(z,t) + e(z,t), ¢>1, (2,t) € QxRY =G,

where y(z,t) = a(t) g u(z,t). We now give sufficient conditions under which any

non-oscillatory solution u(z, t) of (3.18), (1.2) is bounded.

Theorem 3.3. If u(z,t) is a solution of (3.18), (1.2) for which u(x,t) > 0in G,
then the function v(t) defined by (1.4) satisfies the fractional differential inequality

(3.19) DYTVY (1) + f(t,v(t))) < E(t).
Proof. This proof is the same as that of Theorem 3.1 and hence is omitted. [

Theorem 3.4. Let Conditions (A;) — (A4) hold and assume that ¢'(§) > X for
some A > 0 and for all & # 0. Also assume that there exist real number p > 1
and 0 < a < 1 such that p(aw — 1) + 1 > 0. Suppose that there exists a continuous
function n : [¢, 00) — (0, 00) such that (3.7) holds and

A g

a(t)
forsome S > 0and o > 1. If

s [ )W) — $(€) E(E)de < o,

t—o00

t—o00

liminf [ ()~ v(©) EQd > —ox,



6186 N. NAGAJOTHI AND V. SADHASIVAM

sy [ (€)@ v HE)dE < o,

t—o00

then any nonoscillatory solution u(x,t) of (3.18), (1.2) is bounded.

Proof Suppose that v(t) be a nonoscillatory solution of (3.19). We may assume
that v(t) > 0 for ¢ > ¢; for some ¢, > c¢. We let F'(t) = f(¢,v(¢)) and we use
(A1) — (A4). We see that the equation (3.19) can be written as

(0) < ot gy [ OO — 0O POl
o [ Om0 - O FE

- T(a)
+ a7 [ OWO - v B
(3.20) :
o, VOO ~ n(EWO]((D) — (&) de
/ WO — () el

- m / W) (W(E) — H(©) (E)u(E)de,

for some positive constant M. An integration of (3.20) from ¢; to ¢ yields

| 1 oo ol
o) < vle)-01 [ oo [ [ HO@QO-vle) men(easc

The rest part of the proof is similar to that of Theorem 3.2 and hence is omitted.
U

Similar reasoning to that used in the sublinear case guarantees the following
theorems for the integro-differential equations (1.1), (1.2) and (3.18), (1.2) in
case p = 1.

Theorem 3.5. Let ;x = 1 and the hypotheses of Theorem 3.2 and Theorem 3.4 hold
with m(t) = k(t). Then the conclusion of Theorems 3.2 and Theorem 3.4 holds.

Next, we establish sufficient conditions under which any non-oscillatory solu-
tion u(x,t) of (3.18), (1.3) is bounded. For this we need the following:
The smallest eigen value 3, of the Dirichlet problem

Aw(z) + fw(z) =0 in Q
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w(z) =0 on 09,

is positive and the corresponding eigen function ¢(z) is positive in ).

Theorem 3.6. Let all the conditions of Theorem 3.4 hold. Then any non-oscillatory
solution u(z,t) of (3.18), (1.3) is bounded.

On the other hand, one can deduce a wider class of fractional partial differ-
ential equations by choosing various function for ¢ and taking the limit of the
parameter « and 5. Now, we deduce some new results for the class of Katugam-
pola and Hadamard fractional partial differential equations and state them as
following Corollaries.

Let ¥ (t) = t” and taking the limit 8 — 0, then the equation (1.1) reduces to
the Katugampola fractional partial differential equation of the form
(3.21)

DT y(x, 1) + f(tu(z, 1) = b(t) Au(z, t) +e(x,t), ¢>1, (x,t) € QxR =G.

together with the boundary condition (1.2). After reducing the multi dimen-
sional problem to one dimensional problem, (3.21) reduces the following frac-
tional differential inequality of the form

DY () + f(t (1) < B(1).

It’s equivalent to the nonlinear Voltera type integral equation

Y (t) cmw——/gpl — e E(E) - f(6,v(€)]dE, > 1, a>0.

Corollary 3.1. Let Conditions (A;) — (A4) hold and assume that £&P~% > % for some
A > 0and for all &, p # 0. Also assume that there exist real number p > 1 and
0 < a < 1 such that p(a — 1) + 1 > 0, there are numbers S > 0 and ¢ > 1 such

that
tp

a(t)
and the condition (3.7) of Theorem 3.2 holds. If

S Sefat

lim sup = / TP — P E(€)dE < oo,

t—o00

lim inf = / PP — €P) T E(€)dE > —oo,

t—o00

lim 2 //gﬂ — 9 H, (€)dEdC < o,

t—oo t
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then any non-oscillatory solution u(zx,t) of (3.18), (1.2) are bounded.

Next, we consider the forced fractional partial differential equation
(3.22)
cDj‘_’f;tpy(:v,t) + f(t,u(z, b)) = b(t)Au(z, t) +e(z,t), c>1, (z,t) € AxRY =G,

where y(z,t) = a(t)%u(x t). After reducing the multi dimensional problem

to one dimensional problem, we obtain the following fractional differential in-
equality
DY (1) + f(t0(t) < ().

Corollary 3.2. Let Conditions (A;) — (A4) hold and assume that £&P~1 > % for some
A > 0 and for all £, p # 0. Also assume that there exist real number p > 1 and
0 < a < 1 such that p(a — 1) + 1 > 0. Suppose that there exists a continuous
function n : [¢, 00) — (0, 00) such that (3.7) holds and

1
2 — < Set
(3.23) o S Se
forsome S > 0and o > 1. If

(3.24) lim sup p / ¢ (P — ¢P)O L B(€)dE < o0,

t—o00

hmmfp/ TP — P) T E(€)dE > —oo,

(3.25) limsupp/ PP — €71 H () dE < oo,

t—o00

then any non-oscillatory solution u(z,t) of (3.22), (1.2) is bounded.

Let ¥(t) = In(¢) and taking the limit 8 — 0, then the equation (1.1) reduces
to the Hadamard fractional partial differential equation of the following form
(3.26)

CDi’f;ln(t)y(x,t)—Ff(t,u(x,t)) = b(t)Au(x, t)+e(x,t), c>1, (z,t) € AxRT =G.

together with the boundary condition (1.2). After reducing the multi dimen-
sional problem to one dimensional problem, (3.26) reduces the following frac-
tional partial inequality of the form

DOV (@) 4 f(t,0(1))) < E(t).
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It’s equivalent to the nonlinear Voltera type integral equation is

Y (1) smﬁ / <1n<t>—ln@)a-lw(@—f(s,v@m%, £>1, a0

Corollary 3.3. Let Conditions (A;) — (A4) hold and assume that % > \ for some
A > 0 and for all £ # 0. Also assume that there exist real number p > 1 and
0 < a < 1 such that p(ao — 1) + 1 > 0, there are numbers S > 0 and ¢ > 1 such

that

(3.27) a(D) < Se7t
and the condition (3.7) of Theorem 3.2 holds. If
imnp 1 [ n(t) = (@) BOF < v,
iint 3 [ n(o) ~ (@) O % > —oc
i 2 [ [ ) - ey 0 Fag < o

then any nonoscillatory solution u(x,t) of (3.26), (1.2) is bounded.

Next, we consider the forced fractional partial differential equation
(3.28)
DIy (a, )+ £ (8 ule, 1) = b Au(z, ) +e(z,1), e>1, (1) € QxRY =G,

where y(z,t) = a(t)Zu(z,t). After reducing the multi dimensional problem

to one dimensional problem, we obtain the following fractional differential in-

equality
DIV () + f(t0(1)) < E(t).

Corollary 3.4. Let the conditions (A;) — (A4) hold and assume that % > A for
some A > 0 and for all & # 0. Also assume that there exist real number p > 1
and 0 < a < 1 such that p(aw — 1) + 1 > 0. Suppose that there exists a continuous
function n : [¢, 00) — (0, 00) such that (3.7) holds and

A g

a(t)
for some S > 0and o > 1. If
, ' NS
hmsup/ (In(t) — In(&))* " E(§)—= < oo,

t—o00 £
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R . S
limint | (In(t) ~ n(©)" B F > —oc,
iimsup [ (1n(t) ~ n(©)" H,(€) G < o,

then any nonoscillatory solution u(x,t) of (3.28), (1.2) is bounded.

4. EXAMPLES

Example 1. Consider the Katugampola fractional partial differential equation of
the form CDi’f;tpy(x, t) + k() Ju(x, )" tu(z, t)

(4.1) = tAu(z,t)+e " > 1 (2,t) e QxR =G,

which satisfies the boundary condition (1.2), then the corresponding nonlinear
Volterra integral equation is

Y(t) < cﬁﬁ/ (1P — P) "3 (e (48)7 — k() [u()| " u(t)]dE, ¢> 1, a > 0.

Here b(t) = t, f(t,v(t)) = k(t)[o(t )I“‘1 (t),a(t) = . S > 0,k(t) = 2" E(t) =
e(_‘“)p,a:%,p 3>1 Thenq— —3andp(a—1)+1——>0<7—4c—
m, = 47 and k(t) = n(t) thus the condltlons (3.23) and (3.7) become

1 S
- < —A4t
a(t) et — Se

and

/pf“(t'”—ﬁ”)“1n(£)(1—u)uﬁd§=p(1—u)w—‘?/ e (10 —€r) 320 e,

mo

Letting ¢ =t — &P + 47, we get
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t 4
[ oyt [ mpmeeor =

1 )
- ‘/ (¢ —47) ze 2 0dg
P Jyr

1 8r 1 tP
o _1 20¢ _1 20¢
W[; (C—47)2e dC+w/8 (C—47)72e70dC

P

NI

A-
2p

= 2639 (87 — 47)3 4 (X)),

So (3.25) holds. Finally,

L el — e B(e)de — / L1 — ) el 197 ge < o0,

mo

So (3.24) satisfied. Hence by Corollary 3.2, every nonoscillatory solution u(x,t)
with the boundary condition (1.2) of the equation (4.1) is bounded.

Remark. By taking «(¢) = Int and taking the lim 5 — 0, we get a another class
of Hadamard fractional partial differential equations of the form
DLy () + k() ule, )] u(, t)

(Int —In &)1
£
with the boundary condition (1.2). Leta =3, p =2 ¢ =5k(t) =n(t) = e ', c =

2, f(t,x(t)) = k(@) |v@®)|" (), a(t) = %, S > 0,b(t) = t* and one can obtain the
similar conclusion by verifying the conditions as stated as in the Corollary 3.2.

= t*Au(x,t) + , e>1,(x,t) e A xRT =G,

5. CONCLUSION

In this article, we have obtained some new sufficient conditions for the bound-
edness of nonoscillatory solutions of ¢ - Hilfer fractional partial differential
equations which extend, generalize and give a broad outlook of known results
in the existing literature.
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