Pre prints.org

Article Not peer-reviewed version

Finite Time Blowing-Up Solution for a
System of Nonlinear Equations Involving
Nth Level Fractional Derivative

Sehrish Javed and Salman A. Malik *

Posted Date: 30 July 2025
doi: 10.20944/preprints202507.2470v1

Keywords: nonlinear equation; weak formulation; fractional integral; nth level fractional derivative

Preprints.org is a free multidisciplinary platform providing preprint service
E’- that is dedicated to making early versions of research outputs permanently

available and citable. Preprints posted at Preprints.org appear in Web of
(=] Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0
license, which permit the free download, distribution, and reuse, provided that the author
and preprint are cited in any reuse.



https://sciprofiles.com/profile/4569737
https://sciprofiles.com/profile/4625557

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 July 2025 d0i:10.20944/preprints202507.2470.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article

Finite Time Blowing-Up Solution for a System of
Nonlinear Equations Involving Nth Level
Fractional Derivative

Sehrish Javed and Salman A. Malik *

Department of Mathematics, COMSATS University Islamabad, Park Road, Chak Shahzad Islamabad, Pakistan
*  Correspondence: salman_amin@comsats.edu.pk

Abstract

A system of nonlinear fractional differential equations involving nth level fractional derivative is
considered. We prove integration by parts formula for nth level fractional derivative. The result
about non-existence of global solution in time has been proved. Our method of proof is based on the
weak formulation and judicious choice of test function. Some examples are provided to verify the
mathematical analysis.
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1. Introduction

In this article, we study the following system of nonlinear fractional differential equations involv-
ing nth level fractional derivative

u' (1) + Dg;(’rtl"“’r”)u(t) ='W, t>0, 0<a<l1. (1)
o (8) + Dy Bty = W, 10, 0<o<1, )
with initial conditions
u(0) = ug, 1T (1) 4 1”*“*f"u(t)‘ = u k=1,2,..n 3)
— 10, ]:k 0+’t dt 0+’t =0 — Uk, T Ly Ly ety
o(0) = vy, 1" (17 2 I”_”_’"v(t)’ - k=1,2,..1 (4)
— 00, ]:k ()Jr,tdt 04t =0 — Yk — Lr&yeetly

where Dg;(?'""r”) and Dg +(f;1p ") denote the nth level fractional derivatives of order o, o, 0 <

a,0 < 1and type (r1,...,74) and (p1, ..., on) are defined as

wet'n j d —&—Ty . .
Dg;(;l/ r )u(t) — (H;Ll (Igmﬁ)) (I&,t“ r )u)(t), 0<rj at+r<j j=1..,n

and

e od —o—r, .
Dg;(gl’ o >u(t) = (H;‘Zl (Igi,tﬂ)) (I(()j/tv " )u)(t), 0 < pj, cH+pi<j, j=1.n,

respectively. For simplicity and better understanding we have considered n=2 the following system of
nonlinear fractional differential Equations, i.e., (1)-(2) reduces to 2nd level fractional derivative

u/(t) + ZLDgfftl’rZ)u(t) =W, t>0, 0<a<l. 5)
v (t) + ZLDg;(ﬁl’PZ)v(t) =M, t>0, 0<o<1, (6)
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with initial conditions
d _(o—a—r— > i —
u(0) = o, I, G2 )| = | =, @
d _(2—o—p— 2 pi—
0(0) = w0, 12, 1o e(t) JWL&X““MQO:W, ®)
t= t=

where u;, v; > 0, i = 0,1,2, are given constants and ZLDgfrtl’rZ), 2LDg’+(€1’p 2) denotes the 2nd level
fractional derivatives of order «, o,

0<a<l 0<a+r <1, a+r+rn<2 0<0o<l, 0<o+p1 <1, o+p1+p2 <2, )]

and type (r1,72), (p1,p02), respectively, and are defined as

(1, d d (2—a—r—
D (1) = I IR T ), (10)
and
(1, d d (2—o—p—
DG f(E) = I I T T (), a1
respectively.

Special Cases: We discuss some particular cases of 2nd level fractional derivative, which have been
considered in the literature.

e Bytakingry =1 —a and rp = 0, then 2nd level fractional derivative becomes

_ —a) d
2y O f (1) = 10 LA ), 12)

which is well known Caputo fractional derivative of order 0 < a < 1. All initial conditions
given in (7)-(8) reduces to the simple integer order type conditions that is u#y = u; = up and
U9 = U1 = Uy, in this case.

¢ By substituting r; = 0 and r» = 1, in 2nd level fractional derivative interpolate

(01 d _(1-
2Dy () = LI, (13)
which is Riemann-Liouville fractional derivative of order 0 < & < 1. Second and third initial
conditions are given in (7)-(8) reduces to single condition, i.e., I(()}r/t“)u(t)‘ =1y = Uo.
t=0

e Forry =r(1—a)andr, =1, the 2nd level fractional derivative reduces to

(r1(1-a)1 1-a) 4 (1-a)(1-
2LD§+(,T( Y 'f(t) = <161+(,t a)alé+,ta)( rl)f) (1), (14)
which is well known Hilfer fractional derivative of order 0 < & < 1 and type 0 < r; < 1. Second
and third initial conditions given in (7)-(8) reduces to single condition, i.e., I(gi/_t“)u(t) =u =
t=0
Un.

Riemann-Liouville fractional derivative is used in [30] to illustrate the Scott Blair model for the law
of deformation. The relaxation that occurs during glass forming is explained using the Hilfer fractional
derivative [13,17,29]. Several authors discussed the applications of viscoelastic through fractional
derivatives. In the literature [11,36] many authors considered the general fractional derivatives based
on these models, i.e., Newtonian dashpot element, Burgers model, Zener model, Maxwell model
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and Kelvin—Voigt model are thought to best capture the complexity of actual materials. The 2nd and
nth level fractional derivatives are generalization of Caputo, Riemann-Liouville and Hilfer fractional
derivative. The 2nd level fractional derivative is yet another significant fractional derivative with
several physical applications and appealing mathematical characteristics see [20,28]. In addition to
having the qualities of the previously described, well-known derivatives, the 2nd level fractional
derivative used in this article also has a practical use in linear viscoelasticity [25]. Furthermore, we
demonstrate that the solution to the cauchy problem for the fractional relaxation equation with the
2nd level fractional derivative is completely monotone function. According to [33], any relaxation
process possesses the property of completely monotonicity. In linear viscoelasticity the completely
monotonicity of the relaxation equation solutions, which model the relaxation processes. For more
details about applications reader can see the following references [1,4]-[10].

Fractional-order integrals and derivatives are used in the reaction diffusion equations to explain
the well known phenomena of anomalous diffusion observed in the experiments. Numerous tech-
niques have been developed to address experimentally observed anomalies in diffusion and transport
processes, including continuous time random walks [33], stochastic modelling, Brownian motions,
nonlocal differential or integral operators, and others. For instance, the initial condition for a Riemann-
Liouville fractional derivative must be expressed in terms of a fractional integral, whereas for a Caputo
type derivative, the initial condition can be expressed as in models of integer order. When shifting
from microscopic to macroscopic time scales, the infinitesimal generators of time fractional evolutions
appear [21]. There are many blow-up solutions exists in literature but here we are going to discuss
few of them. A considerable body of literature now exists focusing on qualitative characteristics of
solutions for nonlinear evolution equations using either Riemann-Liouville or Caputo derivatives.
In [27], Furati et al. discussed the blow-up solution of differential equation involving Hilfer fractional
derivative. In their work, Furati and Kirane [26] examined the blow-up solutions for a set of nonlinear
fractional differential equations. First example that always exhibits a profile of blow-up arises from
the work of Kirane and Malik discussed in [22], where a system of fractional differential equations
with exponential nonlinearities is analyzed in [19]. For more details of blow-up results reader can see
([16,18,24,34,35]).

Motivated by the above work we have generalized the results of [19] by considering nth level
fractional derivative with respect to time variable f. In this article particularly, we focus on integration
by parts formula of nth level fractional derivative, blow-up solution and profile of blow-up solution of
problem (5)-(6) involving 2nd level fractional derivative in time.

The rest of the paper is structured as follows. We shall devote Section 2 to the definitions and basic
results which is used to prove the blow-up solution. In Section 3, main result, i.e., blow-up solution of
this paper. In Section 4, discussed the profile of blow-up solution. In Section 5, presented the particular
cases of initial value problem. Finally, the conclusions are drawn in Section 6.

2. Basic Definitions and Lemmas

In this section we have presented some fundamental definitions and results from fractional
calculus for the reader.
Definition 2.1. [15] The two parameter Mittag-Leffler function is defined as

o Zn

Enp(z) =) Tan T B)’ Re(a) >0, zpeC.

n=1
For B =1, E, (z), reduces to Mittag-Leffler function of a single parameter, i.e.,

Ea,l (Z) = Z

n=1

Z?l
T(an+1)
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For 0 < & < B < 1, the Mittag-Leffler type function
Eup(t,A) =P E g(—AtY), A >0, (15)

is completely monotone.
It is easy to verify that the first derivative of Mittag-Leffler function defined in (15) is given by
Eup(tA) =t 2Eu g 1 (A1), A >0 (16)

Test Function. [26] The proof of our result on non-existence of global solutions for system (5)-(6) is
based on the judicious choice of the test function given by

olt) = {T"(T—t)e, te[o,T], )

0, t>T.

where 6 > 2.
Lemma 2.1. [7] Assume that 0 < « < 1,and f,g € L”(]0,T]), 1 < p < co. Then the following formula
of integration by parts holds:

T T
|0 s = [ g0 e (18)

Definition 2.2. Right sided nth level fractional derivative of order «,0 < a« < 1 and type (1, ..., ) is
defined as

DY = =1 4 (T ) "

* By putting n = 2 in (19) we get right sided 2nd level fractional derivative of order 4,0 < a <1
and type (r1,12),

P d
DY (1) = BTN IR IS, 0)

e Ifwefixry =1—aandr, =0, in (20) then we have obtained right sided Riemann-Liouville
fractional derivative of order o, 0 < & < 1,

_ d .,
DGO F(1) 1= — S IF (), 1)

* Right sided Caputo fractional derivative is obtained by putting r; = 0 and r, = 1, in (20)

(0, . 4d
2D f(8) = —1 3 £ (). 22)

e Right sided Hilfer fractional derivative is obtained by fixing r; = r1(1 — a) and r, = 1, in (20)

DY (1) = 0 &) . @)

The 2nd level fractional derivative, i.e., ZLDAT"ff;’rz)¢(t) and ZLDg:(ﬁl’p 2)47(15) of test function ¢(t) are
given by

D872 (1) = Cop(1+0 — a)TO(T — 1)0%, (24)
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and

2L (P1/P2)¢(t) = Cop(14+ 06— U)T*G(T — t>970-/ (25)

s

respectively.
Definition 2.3. [25] The nth level fractional derivative of order «,0 < « < 1 and type (rq, ..., 7) is
defined as

o d "
D(D)C;(,rtl' ' )f( t) = (Hk 1(10+ tdt)) (IOZ ta ' f) (1), 0<r, atrp <k

Before we proceed further let us provide integration by parts formula for nth level fractional derivative.
Lemma 2.2. Assume that0 < a < 1, f € AC([0,T]) and g € LP([0,T]), 1 < p < oo. Then the
following formula of integration by parts holds:

lJC T &1, T, d n—ua— Tn 11 T
NG ‘gt = [ gD fode+ (G (050 ) (175 8) 01 150 - (@9)
Proof. Consider
4\ (e,
' ropgtiemsna = [ (5, S g, 5) (172 0
Using Lemma 2.1, we have
Td 1 d —
[ D gar = [1 A (g ) (10 g (e (e
Integration by parts, we have
T .
/OTf( Dy g ()dt = (n (Igit;t))(Iéif,‘*”")g)(t)zgl_rt () . 7/; (H (Ig’it;t))(léi]“"")g)( );tl? S(bat.
(27)

Using n — 1 times Lemma 2.1 and integration by parts on second term of (27), we get

T

zx 7] eet) n— d n—a—ry r-
GRS = (M ) (B2 8) OnL 0]

T n—a—ry d
- [ s (o )an

Consequently, we obtain (26).
Remark 2.1. If n = 2 then formula (26) becomes integration by parts formula for 2nd level fractional
derivative i.e.,

[ sty s = [ g0y s (S0 5 ") - (12 ) 1557 2500 (28)

0

We have the following particular results about Equation (28).

e Ifwefixr; =1—aandr, =0,in (28) then we obtain well known integration by parts formula of
Caputo fractional derivative, i.e.,

T

[ F0yD8, (i = [ 20D%_p )t + g0 @)
0
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e  Byputtingry = 0and r, = 1, in (28) then we get integration by parts formula of Riemann-Liouville
fractional derivative, i.e.,

T

[ roosswa = [ g0t foa- () 1o

(30)
0

e Ifwefixr; =r(1—a)and r, = 1, in (28) then we obtain integration by parts formula of Hilfer

fractional derivative, i.e.,

[ s =g = [ g “ﬂMH<£fm“ﬂ0”1”ﬂ) &y

For further details of Riemann-Liouville, Caputo and Hilfer fractional derivatives see the following
references [7], [12].

Lemma 2.3. [20] The Laplace transform of the 2nd level fractional derivative is given by

{2y f(0);s) = SLAf (s — s LB E )

-+l 2—a—r1—1r
L B f(t)‘t:O. (32)

Lemma 2.4. The components of the solution (u,v) to the system (5)-(6) satisfy the integral

equations.
t
u(t) = wgE1_a1 (=) F 1tV Er 1 (%) + 12t VT2 (—817%) +/ Eioan(—(t— 1)) dr. (33)
0
-t
o) = Eio1(—170) F 011 Ey g1 (—77) 4 021 P2 Ey o L (—£7) / Eroa(—(t— 7)) Ddr. (34)
0

Proof. Taking Laplace of Equation (5), we have
L{u' (15} + L{DG " u(t);s} = £{eW; s}, (35)

After simplifying Equation (35), we get

o o lps T2t E{ev(t);s}
s(1+s*-1) * s(14s¢71) * s(1+s471) * s(1+4s271)

u(s) = (36)

Taking Laplace inverse of Equations (36), we get Equation (33). Similarly, we can have Equation (34).

Lemma 2.5. For the system (5)-(6), the functions v (t) and u(t) satisfy the integral equations,

t

u(t) = uoELM (—t7%) + 1tV By (—87%) + uat 122 Ey gy 1 (—£10) +/0 E;,M(—(t B D Ll O (37)
ot

O (1) = E|_gq (1) + 011 Ey gy (—170) + 0122 E 0 (—£70) +/0 Ep i (—(t =) dr 440, (38)

Proof. Proof is straightforward. Equations (37) and (38) are obtained by taking derivative of (33)
and (34).

The result about the existence of local solution for the system (5)-(8) can be obtained via equivalent
integral Equations (33) and (34) and following the same strategy as discussed in [19].

3. Blow-Up Solution

In this section we are going to discuss main result of blow-up solution of system (5)-(6).
Theorem 3.1. Suppose 0 < &,0 < 1and 0 < r1,72,p01,02 < 1, then the solution of the system (5)-(6)

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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subject to u;, v; > 0,
i =0,1,2, blow-up in a finite time.

Proof. Proof of this theorem is obtained by contradiction. Suppose (u,v) is a global solution of the
system (5)-(6). Multiplying both sides of the two equations of the system (5)-(6) by ¢ and integration
by parts from (28) leads to

2L rl rz u T uzTnJrrz 1 /
- D = _
/ M(P +/ Uup F(Tl T 1) —|— 71 n 72 (P (39)
2L ‘Tr(PerZ) _ v TP vy TP1HP2—1 /
B Pr - , 40
/ v’ +/ ¢ o T(P1+1)+ (o1 T 07) elep (40)

where ¢ is Test function such that 2LD'JT‘f,rtl’Q)gb 2LD p 102) ¢ are evaluated by given formula in (24)-(25)
and ¢(T) = 0. We will use the Young-type 1nequa11ty Va,b,d>0,

b
< de” — .
ab < de —l—bln(ed> 41)

By using inequality (41), we have

/OT”"M < / 19" +/ y¢\1n<4|4’|> / !¢>\</ 29 +/ Wln( ) (42)
/T 2L (,1r2)4) < / 4473 +/ 2pL rlrz (ALZLD::Q)(P), (43)
0 e
/OT 2Lp7 (plpz)¢ < / 4¢e +/ 2LD ””’2451 (‘wT:m‘P), (44)

T T
where /0 W2DE) g > o, /O PP > 0, fe, DY) g, 2ADTEI) g 0 from (24)
and (25), and u and v are increasing functions that’s why integral of both terms are greater than zero.
Using (42)-(44) in (39)-(40) leads to

4 T alrr 42LD“r("1/72)
feess | oo [loim(50) /ﬂm‘,ﬂmn(g—;"’ . W)

and

2L/ (p102)
d Totpyotoren) o [ 4P ¢
[eo<t [ eos | y¢|1n< + [ o | ——= ), (46)
respectively. We have fixed some notions, i.e.,
" ' " o4
P u o— v . /
I = /0e¢, ]._/0 &, X.—/O \¢]1n( i ) 47)

T 42LD“/(711"2) T 42LD‘7/(P11P2)
Y = / g (EET 0 / aipeeen) g [ LETA ) g
0 - ep 0 - ep

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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where ZLDﬂT(frtl’rZ)(p and ZLD‘;;(’?”JZ)QD are defined in (24) and (25), respectively. The integrals X, Y
and Z are evaluated as follows:

o (46\ 1 T(1+e) T'® 4_Ia+e) 1 «
X_ln(g]")+9’ Y_1"(1—!—6’—&)1—1—6—04{ln(el"(l—l—ﬂ—uc)T“ +1—|—9—0é’

and

,_ T(+06) Ti-« 4 TA+6) 1 L
S T(14+0-a)1+0—a el(1+60—a) T 1+60—a]

Using (47) and (48) in (45) and (46), we get

2. 4 4. 2
J<2X+3Z+3Y, and I<2X+ Z+3Y. (49)

Now, using equality (49) in (39), we have

T uyTrtr2—1 4 2
uy — + <2X+ Y+ 27, 50
O T(rn+1)  T(ri+nr) 3773 (50)
using positivity of 1y, uy > 0 inequality (50) becomes
_ 4 2
w <T(rn+1)T™" 2X+§Y+§Z , (51)

which implies u; < —co. This provides the contradiction 0 < u; < 0. Similarly, we can obtain the
contradiction of 0 < v; < 0.

Remark. The proof of blow-up solution of nth level fractional derivative of system (1)-(2) is obtained
on the similar lines as we have did in Theorem 3.1.

4. Profile of Blow-Up Solution

In this section, we are going to discuss the profile of blow-up solution of three systems.
System 1. First system is defined in (5)-(6).
System 2. Consider the following system of nonlinear ordinary differential equations

ut)=e®, t>0, (52)

o (t)=e"t, >0, (53)

with initial conditions, i.e., #1(0) = up > 0, v(0) = vy > 0, where 1y and vy are given constants.
Blow-up solution of system (52)-(53) is given by

co cpec2(t=c1)
u(t) = ln(1 o) >, u(t) = ln<1 Epr >, (54)

where ¢; = (%) >0, cp=¢h —¢%,

System 3. Consider the following system of nonlinear fractional differential equations

2pg () = 0, 1> 0, (55)
Apglere)y () = ¢4, ¢ >0, (56)

with initial conditions, i.e., 1(0) = up > 0, v(0) = vy > 0, where 1y and vy are given constants.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Blow-up solution of system (55)-(56) is obtained on the same strategy as discussed in Theorem 3.1.

Lemma 4.1. The components of the solution (1, v) to the system (55)-(56) satisfy the integral equations.

(t) uottx+’)’1*l ulta+r1+7272
u =
IF'a+r) T(a+r+rn-1

1 ! _ \a—1,0(7)
)+1"(oc)/o(t )4 e\ YT, (57)

voto'-i-pl—l U1 tot+o1 +02—-2
u(t) = +

F(O’+p1) T(O'-l-pl-f—pz—l
Proof. Taking Laplace of Equation (55), we have

1 ! _ \o—1u(T)
)+I’(a)/o(t T)7 e\ VdT. (58)

£{2LD8"+(;1’r2)u(t);s} = £{e"®);s). (59)
After simplifying Equation (59), we get

u(s) = ups ™ 4 uys T gL fe0() 6] (60)
Similarly, Equation (56) becomes,

o(s) = vps TP 4 5P+l S_U,C{eu(t),‘s}- (61)

Taking Laplace inverse of Equations (60)-(61) we get Equations (57)-(58).
Solution (u,v) to the system (5)-(6) is discussed in (33)-(34).

Analysis. Mittag-Leffler functions

E1 a1 (-’fl_“), t”Elﬂx,rlH(—fl_“), tr1+r2—lE1ﬂx,r1+r2<_t1_“>r (62)
and
El—a,l <_t170>/ t'ol El—a,pl-H (_tlia>/ t‘o1+p271E1—a,p1+p2 <_tlig)r (63)

are completely monotone for 0 < ry,p1 <1, 1 <71y 419,01+ p2 < 2givenin [25]. In particular first
derivative of completely monotone functions are given below

Ei—a,l(_tl_a> S 0/ trl_lEl—a,rl (_tl_a> S 0/ tr1+r2_2E1—v¢,r1+r2—1 (_tl_a) S O/ (64)
and
Ei—a,l(_tl_g) <0, tpl_lEl—(r,pl (_tl_o) <0, tpl+p2_2E1—(7,p1+p2—1 (_tl_o) <0, (65)

for t > 0 in Equations (37) and (38) becomes
u'(t) <e?®, (1) <e'), t>0. (66)

The differential inequalities (66) leads to the estimates from above of the solution (1, v) to the system
(5)-(6) for 0 < t < Tmax < +09, is discussed in [19]. We notice that the system can be written as

2LD8¢,+(’7t1,r2)u(t) — () _ ' (1), ZLDg;(ﬁl'pZ)v(t) —pult) _ 0! (67)

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Using inequalities (66), we get
ZLDg;r(;lrrZ)u(t) > O, ZLDg:r(gl/PZ)v(t) > 0. (68)
5. Particular Cases
e Letr; =r1(1 —a)and r, = 1, then system (5)-(6) becomes
u'(t) +CD8":,1t(17“)u(t) =M, t>0, 0<a<l 0<r <1,
(1) + Do)y = e, t>0, 0<o<1, 0<p <1, (69)
Ié;?u(t)hzo =uy >0, Ié;gv(tﬂt:o =109 >0
e Ifr; =1—aandr, =0, then system (5)-(6) becomes
u'(t) + D, u(t) = M, t>0, 0<a<l,
V() +Df o(t) =€), >0, 0<o<1, (70)

u(0) =up >0, v(0)=9v>0

In [19] authors explored the blow-up of the solutions and determined lower bounds for the
maximum time of the system (70).
*  Suppose & = ¢ = 1in (70), we obtain

W' (t)=1e’®, >0,
o(t) = e, >0, (71)
u(0) =up >0, ©v(0) =199 >0.

Blow-up solution of system (71) is obtained on the same technique discussed in [19].

6. Concluding Remarks

The paper is concerned with system of nonlinear equations involving nth level fractional deriva-
tive alongside fractional initial conditions. We first dealt with integration by parts formula of nth
level fractional derivative. We have recovered some well known results by fixing some parameters in
nth level fractional derivative. Furthermore, we have fixed the value of n = 2 in nth level fractional
derivative then calculate the existence of blow-up solution and profile of blow-up solution. Moreover,
particular cases of system of nonlinear equations taken into consideration in this paper, we recovered
the results of [19]. The extension of our work to higher dimensions with more general time fractional
derivatives will be explored in future.
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