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Title: Study of the stability and blow up in finite-time
of certain nonlinear hyperbolic systems.

Abstract:This thesis investigates the dynamics of a coupled nonlinear wave system with
internal fractional damping, a model relevant to viscoelastic materials and engineering ap-
plications. The study focuses on two key aspects: establishing the local existence and
uniqueness of solutions and analyzing conditions leading to finite-time blow-up. Employing
functional analysis and Cy-semigroup theory, we reformulate the system as an abstract evo-
lution equation in a Hilbert space, proving local well-posedness under specific conditions on
the nonlinear exponents. A carefully designed Lyapunov functional is used to derive criteria
for solution blow-up, highlighting the interplay between nonlinearity and fractional damp-
ing. The results contribute to the theoretical understanding of fractional partial differential
equations and offer insights for practical applications, such as vibration control and material
stability. This work advances the mathematical framework for nonlocal systems and lays
the groundwork for future research into global existence and numerical simulations.

Keywords: Nonlinear wave equation, Fractional damping, Local existence, Blow-up in
finite time, C-semigroup, Lyapunov functional, Viscoelastic systems.




Ftude de la stabilité et de l’explosion en temps fini de
certains systémes hyperboliques non linéaires.

Résume: Cette these explore la dynamique d’un systeme d’ondes non linéaires couplées avec
amortissement fractionnaire interne, un modele pertinent pour les matériaux viscoélastiques
et les applications en ingénierie. L’étude se concentre sur deux aspects principaux : établir
I'existence locale et 'unicité des solutions, et analyser les conditions menant a une explo-
sion en temps fini. En utilisant 'analyse fonctionnelle et la théorie des semi-groupes Cy, le
systeme est reformulé comme une équation d’évolution abstraite dans un espace de Hilbert,
prouvant ainsi sa bonne position locale. Une fonctionnelle de Lyapunov judicieusement
congue permet d’identifier les criteres d’explosion des solutions. Ces résultats enrichissent la
théorie des équations aux dérivées partielles fractionnaires et offrent des perspectives pour
des applications pratiques, comme le controle des vibrations et la stabilité des matériaux.

Mots Clés: Equation des ondes non linéaire, Amortissement fractionnaire, Existence
locale, Explosion en temps fini, Semi-groupe Cj, Fonctionnelle de Lyapunov, Systemes
viscoélastiques.
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Notations

Throughout this dissertation, we will use the following conventions:

Q: A bounded open subset of R™.

I': The topological boundary of the domain 2.

x = (r1,%2,...,%,): A representative point in R".
dr = dxy dxy - - - dx,: The Lebesgue measure on 2.

Vu = (8‘9—;”1, g—;‘z, . 887“): The gradient of a scalar function wu.

Au=73"", %: The Laplacian of u.
a.e.: Stands for "almost everywhere”, in the sense of Lebesgue measure.

p’: The Holder conjugate exponent of p, defined by 117 + ]% =1.

0;"": The generalized Caputo fractional derivative of order a with parameter 7.

C(§2): The space of real-valued continuous functions on (2.

C*(Q), where k € N: The space of functions that are k times continuously differentiable
on 2.

C3(Q2) = D(R2): The space of infinitely differentiable functions with compact support
contained in €2.

D’(Q): The space of distributions on ).



General Introduction

RACTIONAL calculus extends differentiation and integration to non-integer orders, offering
F a powerful framework for modeling complex systems with memory and hereditary prop-
erties. Originating in the 17th century through discussions between Leibniz and L’Hopital, it
has evolved into a mature discipline with contributions from Riemann, Liouville, and Caputo
Samko1993. Unlike classical calculus, fractional calculus captures nonlocal effects, where a
system’s past influences its future, making it ideal for phenomena in viscoelasticity, material
science, and engineering Podlubny1998. Fractional partial differential equations (PDEs) are
particularly effective for modeling wave propagation, energy dissipation, and dynamics in
media with memory-dependent behavior.

This memoir investigates a coupled nonlinear wave system with internal fractional damp-
ing, a class of PDEs relevant to viscoelastic materials and engineering systems with intricate
dissipation mechanisms. Such systems model critical applications, including vibration sup-
pression in flexible structures like suspension bridges and aircraft wings, or the dynamic
response of polymers, where energy dissipation depends on historical states Kilbas2006. The
interplay of nonlinearity, nonlocality, and fractional damping poses significant analytical
challenges, as classical PDE techniques often fail to address memory effects Barbu2010.

The research addresses two key questions: under what conditions do solutions to this
system exist locally in time, and when do solutions exhibit blow-up, becoming unbounded
in finite time? The internal fractional damping, unlike boundary damping studied in prior
works Akil2019, Aounallah2020, introduces unique challenges due to its distributed nature
across the domain, amplifying the complexity of nonlinear coupling. Local existence validates
the model’s physical relevance over short time scales, while blow-up analysis reveals stability
limits, critical for preventing structural or material failure in applications.

The objectives of this memoir are:

1. To prove the local existence and uniqueness of solutions using functional analysis tools,
including Hilbert spaces and Cy-semigroup theory, by reformulating the system as an
abstract evolution equation in a well-defined energy space Pazy1983.

2. To explore blow-up phenomena by constructing a Lyapunov functional, identifying
conditions for unbounded energy growth, and providing insights into long-term stabil-

ity.



Chapter 0 General Introduction

3. To advance the theoretical framework for fractional PDEs by integrating fractional
calculus, semigroup theory, and energy methods, enhancing tools for nonlocal systems.

The analysis is conducted in a bounded domain €2 C R™ with Dirichlet boundary conditions
and suitable initial data, ensuring physical realism.

The study’s originality lies in its focus on coupled wave systems with internal fractional
damping, a relatively underexplored area compared to single equations or boundary-damped
systems Messaoudi2003, Aounallah2020. The internal damping’s distributed nature requires
novel analytical techniques, distinguishing this work from boundary-focused studies. By
combining Cy-semigroup theory for existence and Lyapunov functionals for blow-up, the
memoir introduces innovative approaches to tackle the combined challenges of nonlocality
and nonlinearity.

Theoretically, this research enriches the understanding of fractional PDEs by providing
rigorous results on solution behavior in complex systems. Practically, it has direct applica-
tions in engineering and material science. For instance, local existence results support the
design of vibration control systems for suspension bridges, such as the Golden Gate Bridge,
where fractional damping models energy dissipation over time Podlubny1998. Blow-up anal-
ysis informs the stability limits of high-performance polymers used in aerospace components,
aiding in the development of durable materials. By bridging theory and application, this
work contributes to both academic research and technological innovation.

Literature Review

Nonlocal and fractional PDEs have gained attention for modeling systems with memory and
nonlocal effects in physics, engineering, and biology Cannonl1963, Shil993. Early studies
by Cannon Cannon1963 and lonkin ITonkin1977 addressed heat equations with nonlocal con-
straints, while Mesloub and Messaoudi Mesloub2010 proved existence, decay, and blow-up for
singular viscoelastic problems. Fractional calculus has advanced modeling of viscoelasticity
and wave propagation Magin2006, Tarasov2011. Choi and MacCamy Choil989 introduced
fractional Volterra equations for elasticity, paving the way for fractional damping models.
Akil and Wehbe Akil2019 established asymptotic stability for wave equations with fractional
boundary dissipation, and Aounallah et al. Aounallah2020 demonstrated decay and blow-up
for nonlinear wave equations with fractional boundary damping.

Blow-up in nonlinear wave equations has been widely studied. Levine Levinel974 used
the concavity method to prove finite-time blow-up for hyperbolic PDEs, while Georgiev
and Todorova Georgial994 extended this to nonlinear damping. Messaoudi Messaoudi2003
and Kafini and Messaoudi Kafini2007 analyzed blow-up in viscoelastic systems, relevant to
coupled wave systems. Recent works incorporate fractional damping and memory effects.
Kirane and Tatar Kirane2003 and Aounallah et al. Aounallah2021 explored blow-up and
asymptotic behavior in fractionally damped wave equations, informing stability analysis.

This memoir addresses gaps in the literature by studying coupled nonlinear wave systems
with internal fractional damping, unlike prior boundary-focused or single-equation studies.

9



Chapter 0 General Introduction

It employs Cy-semigroup theory for local existence and Lyapunov functionals for blow-up,
contributing to both theoretical and applied mathematics.
The memoir is organized as follows:

e Chapter 1: Preliminaries introduces functional analysis and fractional calculus
tools, including Lebesgue, Bochner, and Sobolev spaces, fractional operators (Riemann-
Liouville and Caputo), and semigroup theory Barbu2010, Pazy1983.

e Chapter 2: Local Existence of Solutions proves solution existence and uniqueness
by reformulating the system as a first-order evolution equation in a Hilbert space, using
Cp-semigroup theory.

e Chapter 3: Blow-Up derives blow-up conditions using a Lyapunov functional, high-
lighting the role of nonlinearities and fractional damping.

Summary

This memoir advances the study of fractional PDEs by analyzing a coupled nonlinear wave
system with internal fractional damping. Chapter 1 provides the mathematical foundation,
Chapter 2 establishes local well-posedness, and Chapter 3 explores stability limits through
blow-up analysis. Together, these chapters offer a cohesive framework for understanding
nonlocal systems, with applications in vibration control and material stability, paving the
way for future research into global existence and relaxed system constraints.

10



Chapter 1

Background and Basic Concepts

This chapter introduces the foundational mathematical tools required for analyzing par-
tial differential equations (PDEs) with fractional derivatives, particularly in the context of
coupled nonlinear wave systems with internal fractional damping. We focus on functional
spaces, key inequalities, functional analysis concepts, and fractional calculus, which are es-
sential for studying the local existence and potential blow-up of solutions. The presentation
is grounded in established references to ensure rigor and clarity Adams2003, Brezis2011,
Kilbas2006, Pazy1983.

1.1 Functional Spaces

Functional spaces provide the framework for defining weak solutions and analyzing the sta-
bility of PDEs with fractional derivatives. We introduce Lebesgue, Bochner, and Sobolev
spaces, which are critical for handling the nonlocal and nonlinear nature of the systems under
study Adams2003, Brezis2011.

1.1.1 Lebesgue Spaces
Let 2 C R", n € N, be an open domain with Lebesgue measure dz.

Definition 1.1.1 For 1 < p < oo, the Lebesgue space LP(2) consists of measurable functions

f:Q — R such that:
1/p
1l = ( [iser dx) <.

For p = oo, the space L>(§2) comprises essentially bounded measurable functions:
|| fllzo (@) =zeq |f(2)] < o0

Lemma 1.1.1 The space LP(XY), equipped with the norm:

p 1/p
£z = {(fg |f(z)Pde) ™, 1 Ep < o0,
:ceQ’f(.T)’, p = 00,

11



Chapter 1 General Introduction

is a Banach space. For p =2, L*(Q) is a Hilbert space with inner product:

_ / F(2)g(w) da

Definition 1.1.2 The space of locally integrable functions is:
Ll

loc

={f:Q—>R|feL(A) for all compact A C Q}.

1.1.2 Bochner Spaces

Bochner spaces are used for time-dependent problems, accommodating functions that take
values in Banach spaces.

Definition 1.1.3 Let X be a Banach space and a,b € R with a < b. For 1 < p < oo, the
Bochner space LP(a,b; X) consists of Bochner-measurable functions f : (a,b) — X such that:

p
1l vy = (/ o dt) <0,
For p = oo, the space is:

L®(a,b; X) = {f: (a,) = X | |l (apx) =te@n) I/ (E)]lx < o0}
Lemma 1.1.2 The space LP(a,b; X), with norm:

b P 1/p
1 15n (1ol a)” . 1<p <o,
tE(CL,b)Hf(t>||X’ p — 007

is a Banach space. For p =2, L*(a,b; X) is a Hilbert space with inner product:

b
(F. 9) 22y = / ), () dt

For 1 < p < o0, the conjugate exponent p’ satisfies % + z% = 1.

1.1.3 Sobolev Spaces

Sobolev spaces are crucial for defining weak solutions to PDEs, especially those involving
fractional derivatives.

Deﬁnltlon 1.1.4 (Weak Derivative) A function f € L}, () has a weak derivative D*f €
(Q) if, for all p € C3°(£2),

loc

[ tode= (17 [ 1D,
0 0
where D* = 921092 ... 9% and |a| = a1 + -+ + .

T1 T I2 In

12



Chapter 1 General Introduction

Definition 1.1.5 For k € N and 1 < p < oo, the Sobolev space W*P(Q) is:

WkP(Q) = {f € LP(Q) | D*f € LF(Q) for all a € N",|a| < k}.

Lemma 1.1.3 The space W*P(Q), with norm:

p
De > , 1 <p<oo,
||fHWk7P(Q) = <Z|a\<k || f”Lp Q) D

max|q|<k || D f || (@), p = o0,

is a Banach space. For p =2, H*(Q)) = W*2(Q) is a Hilbert space with inner product:

oy = 3 [ D 5(@)Dg(a) da

la|<k

1.1.4 Sobolev Embedding Theorem

Sobolev embeddings provide regularity results essential for nonlinear terms in PDEs Evans2010.

Theorem 1.1.1 (Sobolev Embedding) Let Q@ C R", n > 1, be a bounded domain with
Lipschitz boundary. For 1 < p < oo, the space W'P(Q) embeds as:

" (Q), if p<nm,
WhP(Q) — (Q), q € [p,0), if p=n,
L=Q)NC*(Q), a=E" ifp>n.

There exists a constant C' = C(n,p,)) such that:

L"P

{II ull 2z o) < Cllullwiny,  forp <mn,
HuHme S Cllullwre@),  forp>n.

For general k € N, if kp < n, then:

np

WhP(Q LI <
() — LYQ), q_n_k,p

9

and if kp > n, then:
WER(Q) < O (9),

for suitable m € N and o € (0,1).

13



Chapter 1 General Introduction

1.1.5 Sobolev Spaces with Banach Space Values

For time-dependent PDEs, we define Sobolev spaces with Banach space-valued functions.

Definition 1.1.6 Let X be a Banach space, a,b € R with a < b, k € N, and 1 < p < o0.
The space W P(a,b; X) is:

di

WHP(a,b; X) = {v € LP(a,b; X) | d;}

€ LP(a,b; X) for alli < k‘},

oy
dtt

Lemma 1.1.4 The space WP (a,b; X), with norm:

where 42 is the weak derivative.

ko|ldig||? Hr
= i 1<p< o
||f||Wkﬂp(a,b;X) = (ZZO ‘ “ Lp(a,b;X)> ’ =P ’
maX;=o,....k (flt{ p = 00,

Lo (ab:X) |
is a Banach space. For p = 2, H*(a,b; X) = W¥%(a,b; X) is a Hilbert space with inner

product:
k dig
(f,9) HEapx) = / < 7 z(If)> dt.
Z dti 7 dt ¥

1.2 Known Inequalities

Inequalities are indispensable for establishing estimates in fractional PDEs. We present key
results used in subsequent chapters Adams2003, Brezis2011.

1.2.1 Sobolev-Poincaré Inequality

Theorem 1.2.1 (Sobolev-Poincaré Inequality) Let Q@ C R", n € N, be a bounded open
set in some direction, and let p satisfy:

e 2<p<ooifn=1,2,
e 2<p< 2 ifn>3.
There exists a constant C = C(Q,p,n) > 0 such that for all u € H}(Q):
[ullze@) < CfVullr2(q)-

Definition 1.2.1 An open set 2 C R" is bounded in a direction if there exists a unit vector
e € R" and a constant A > 0 such that:

QCc{zeR"|-A<z-e< A}
Corollary 1.2.1 For a bounded open set 2 C R", the norm.:
[ull ) = [[Vull 2@

is equivalent to the standard H'(Q) norm on Hy(S2).

14



Chapter 1 General Introduction

1.2.2 Holder’s Inequality

Theorem 1.2.2 (Holder’s Inequality) Let 1 < p,q < oo with % +% =1. For f € LP(Q)),
g€ L1Q):

1f 9l < [fllee@llgllzae)-
1.2.3 Young’s Inequality

Theorem 1.2.3 (Young’s Inequality) Let 1 < p,q < oo with %%—% =1. Foralla,b € R:
P |ple
lab| < Jaf? + u
p q
1.2.4 Green’s Formula

Theorem 1.2.4 (Green’s Formula) Let Q@ C R™ be a bounded open set with a C* bound-
ary. Foruw e H*(Q), ve H(Q):

%
a0 8n

/QAu(:p)v(x) dx = (x)v(z)do — /QVu(x) -Vo(z) dz.

1.2.5 Gronwall’s Inequality

Theorem 1.2.5 (Gronwall’s Integral Inequality) Let ¢, o : [0,T7] — R be continuous,

sw=cira | b(s)oa(s) ds, Vi€ [0,T].

Then: .
o(t) < Cyexp (Cg/ bo(s) ds> :
0

1.3 Lebesgue’s Dominated Convergence Theorem

Theorem 1.3.1 (Lebesgue’s Dominated Convergence Theorem) Let (E, A, pu) be a
measure space, and let (f,)nen be measurable functions from E to R or C. Suppose:

1. f, = f pointwise on E.
2. There exists g € L*(E, ), g > 0, such that |f.(x)| < g(z).
Then:

1. fe L' (E,p).

15



Chapter 1 General Introduction

2. lz’m/|fn—f|d,u:().
n—o0 E

n—oo

3. lim fnd,u:/fdu.
E E

Proof See Rudin1987. [ |
In the context of fractional PDESs, such as:

Hu+ (—A)Yu=f inQx(0,7),

Lebesgue’s theorem ensures the convergence of Galerkin approximations to weak solutions
Kilbas2006.

1.4 Functional Analysis

Functional analysis provides the tools to reformulate PDEs as abstract evolution equations,
particularly through operators and semigroups Barbu2010, Pazy1983.

1.4.1 Maximal Monotone Operators
Let H be a Hilbert space with inner product (-,-)3; and norm || - [|%.
Definition 1.4.1 An operator A : D(A) C H — H is monotone if:

(Av,v)y >0, Yv e D(A).

Definition 1.4.2 An operator A : D(A) C H — H is mazimal monotone if it is monotone
and for every f € H, there exists u € D(A) such that:

u—+ Au = f.

Proposition 1.4.1 If A: D(A) C H — H is mazimal monotone, then:

1. D(A) is dense in H.

2. A is closed.

3. For A >0, (I +XA): D(A) — H is bijective, and ||[(I + XA) |z < 1.
See Barbu2010.

16



Chapter 1 General Introduction

1.4.2 Semigroups
Semigroups are used to solve evolution equations of the form d,u + Au = f.
Definition 1.4.3 A family {S(t) }>0 C L(H) is a semigroup if:

1. S(0) =1.

2. S(t+s) = S(t)S(s), for all t,s > 0.
It is a Cy-semigroup (strongly continuous) if:

éz'_%a S(t)yx =z, VreH.

The generator A is defined by:

t —
Ax = lim M, x € D(A),

t—0

where D(A) is the set of x € H for which the limit exists.

Theorem 1.4.1 (Hille-Yosida, Lumer-Phillips) An operator A : D(A) C H — H is
mazximal monotone if and only if —A generates a Cy-semigroup of contractions.

Corollary 1.4.1 For a maximal monotone operator A, the fractional evolution equation:
Ofu+Au=0, t>0, 0<a<l, u(0)=ump,

has a unique solution u(t) = S(t)ug, where S(t) is the semigroup generated by —A K best-
sellingBarbu2010.

1.4.3 Lax-Milgram Theorem

Theorem 1.4.2 (Lax-Milgram) Let H be a Hilbert space, and let a : H x H — R be a
continuous and coercive bilinear form. For any L € H', there exists a unique u € H such
that:

a(u,v) = L(v), Yv € H.

1.5 Introduction to Fractional Calculus

Fractional calculus extends differentiation and integration to non-integer orders, making it
ideal for modeling systems with memory and hereditary properties Podlubny1998.

1.5.1 Historical Development

Fractional calculus originated in 1695 through discussions between Leibniz and L’Hopital,
with significant contributions from Euler, Fourier, Abel, Riemann, and Liouville. Modern
developments by Caputo and others have solidified its applications in physics and engineering
Samko1993.

17



Chapter 1 General Introduction

1.5.2 Fractional Operators

We define the Riemann-Liouville and Caputo fractional operators, which are central to our
analysis.

Definition 1.5.1 (Riemann-Liouville Fractional Integral) For a > 0 and a function
f € LY(a,b), the left-sided Riemann-Liowville fractional integral of order « is:

e _ 1 ’ _p\a—
N = s [ @0
where I'(«) is the Gamma function.

Definition 1.5.2 (Riemann-Liouville Fractional Derivative) For o >0, let n = [«].
The Riemann-Liouville fractional derivative of order o is:

W@ = () G,

Definition 1.5.3 (Caputo Fractional Derivative) For a >0, let n = [a|. The Caputo
fractional derivative of order o is:

(D f)(@) = (I f") (),
provided f™ € L(a,b).

Definition 1.5.4 (Generalized Caputo Fractional Derivative) For 0 < o < 1 and
n > 0, the generalized Caputo fractional derivative is:

1 " p)aena—) g1
) / (x— 1) f(t) dt.

(D*f)(x) = T(i—a)

Definition 1.5.5 (Generalized Fractional Integral) For 0 < a < 1 and n > 0, the

generalized fractional integral 1s:
1 * 1 (e
1)@ = 7 [ (=0 0

Remark 1.5.1 The operators D" and I*" incorporate an exponential weight, making them
suitable for modeling damping with memory effects Mbodje2006.

Lemma 1.5.1 Let § > 0 and B(t) € C?(0,00) be nonnegative, satisfying:
B"(t) —4(0 + 1)B'(t) + 4(6 + 1)B(t) > 0.

It
B,(O) > TQB(O) + lo,

then:
B/(t) > lo, t >0,

where ro = 2(0 + 1) — 24/(0 4+ 1)d. See LiTsai2003.
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2a—1

Lemma 1.5.2 Let u(&) = [£]7z , £ €R, for 0 < a < 1. Consider the system:

0ip(&:1) + (£ + (&, 1) = Ut)u(€),
with ¢(&,0) =0, and output:

O(t) = o / o€, Du(€) de.
Then:
O(t) = (I-°U)(1),

where I,%_a 1s the generalized fractional integral of order 1 — a with parameter n > 0. See
Mbodje2006.

Lemma 1.5.3 LiTsai2003. If J(t) is a non-creasing function on [ty,00), to > 0 and
satisfies the differential inequality

J ()2 > a+0bJ ()5 fort > t,, (1.1)

where a > 0, b € R, then there exist a finite time T such that

lim J(t) =0,

t—T*—

and the upper bound of T™ is estimated, respectively, by the following cases :
i) ifb<0 and J(ty) < min{l, \/a/(—b)} then

1 V5
\/__bln TE Iy (1.2)

T* < ty+

it ) If b= 0, then

J(t
T <ty + \(/g). (1.3)
iii ) If b > 0, then
T < J(to)
T Va
or 5
35+1 OC 1
T* < to+2°% = (1 [+ cJ(to)]26> , (1.4)
where

b 0/(2+496)
(7).
a
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Chapter 2

Local Existence of Solutions

ONLINEAR wave systems with internal fractional damping model complex physical phe-
N nomena, such as wave propagation in viscoelastic materials and energy dissipation in
memory-dependent media. These systems, characterized by nonlocal damping terms that ac-
count for historical effects, pose significant analytical challenges due to their nonlinearity and
nonlocality. Establishing the local existence of solutions is essential for validating the math-
ematical model and understanding short-term dynamics, with applications in engineering
(e.g., vibration control in suspension bridges) and material science (e.g., polymer dynam-
ics). This chapter proves the local existence of solutions to a coupled nonlinear wave system
with fractional damping, using Hilbert spaces and Cy-semigroup theory to reformulate the
problem as an abstract evolution equation. The chapter is organized as follows: Section
2.1 presents the problem and necessary assumptions, Section 2.2 proves local existence via
semigroup theory, and Section 2.3 discusses the results and future directions.

2.1 Assumptions and Problem Setup

This section introduces the coupled nonlinear wave system, reformulates it to incorporate
fractional damping, and defines the energy functional critical for the analysis.
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2.1.1 Problem Description

We consider the following nonlinear wave system in a bounded domain €2 C R™ with smooth

boundary 0f):

where a,b > 0, 0 < a < 1, § > 0, and 9} P denotes the generalized Caputo fractional
derivative with parameter 3. The nonlinear terms |v|?™|u[P"tu and |ul|P™|v]|? 1y model

(wy — Au(t) + auy + bOM u(t) = o] ulpu, zeQ, t >0,

vy — Av(t) + avy + b u(t) = [ulpt o, zeQ, t>0,

P)§ u=0, v=0 €O, t>0, (2.1)
U(CC,O) = Uo(iﬁ), Ut(x,O) = Ul(l'), LS Qv
L v(z,0) =vo(x), wvi(z,0) =v(x), x €,

coupled interactions, and p, ¢ > 0 are exponents satisfying specific conditions.

To handle the fractional damping, we reformulate system (P) ausing a lemmal.5.2, yield-

ing the equivalent augmented system:

where we define by = bbm(o”r and u(§) =

;

Ut — Au(t) + aus + bl fjozo ¢1($a§7t)ﬂ(§)d§ = |U|q+1|u|p71u7 S Qat > Oa

Ut — AU('[I) + avy + bl f_—i;o @/)2(3775715)#(5)(15 = |u|p+1|v|q71,u’ S Qat > Oa

Ohy (2, &) + (€2 + By (w, &, 8) — ug(x, t)pu(€) =0 reNEeRt>0
Optha(m, &) + (€% + B)ba(w, €, t) — v, t)u(€) = 0, reEER >0
u=0, v=0, x €N t>0

u(z,0) =ug(x), w(zr,0)=u(x), xe€Q,

U(ZL’,O) = UO(Z‘), (l’ 0) = Ul( ) x €,

¢l(xa§70):07 ¢2("E7€a0) 207 erv€ER7

\

2.1.2 Assumptions

The analysis assumes the following:

1. The domain 2 C R" is bounded with a smooth boundary.

21
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2. The exponents p, q satisfy:

> 2 ifn=1,2
{paq ) n y 4 (22>

2<pg<2, ifn>3,

ensuring the nonlinear terms |v]|9|u|P~ u and |u[PT!|v|7" v belong to L*(2), leveraging
Sobolev embeddings. For n > 3, the embedding H}(Q2) — L%(Q) requires p, g < %
to maintain integrability of the nonlinearities. For n = 1,2, the embedding H} () <
L7(Q) for any r < oo (or all » when n = 1) allows more flexibility, but p, ¢ > 2 ensures
local integrability and compatibility with the energy space W.

3. Initial data satisfy Uy = (ug, u1, 0, v, v1,0)T € W, where:

W = Hj(Q) x L*(Q) x L*(2 x R) x Hy(Q) x L*(Q) x L*(Q x R). (2.3)

2.1.3 Energy Functional
We define the energy functional for system (P’) as:

p+1 qg+1

p+1
P D)3 + L2 + L ()13
q+ 1
L o2 - / o] P (2.4)

by (p+ 1) bi(g+1)
+ —le\lm(gxm + TH%IIMM)-

E(t) =

Lemma 2.1.1 Let (u,v,v1,19) be a solution of the problem (P’). Then, the energy func-
tional defined by (2.4) satisfies

dE(t) _

== afp+ lull3 — ola + 1)

+oo
Cbp 1) /Q / (€ + B)uA(x. €, t)déda
+oo
Cbi(g 1) /Q / (€ + Bl (x, €, t)deds
< 0.

Proof  Multiplying the first equation in (P’) by (p + 1)u,, integrating over 2, and using
integration by parts, we obtain:

1d
p‘; = L3 + 1Vu(0)]3] /|,U|q+1 Pt de

e (2.6)
*alp+ Dl +blp+1) [ [ ala & (€ dsda o
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Multiplying the second equation in (P’) by (¢ + 1)v, integrating over 2, and using
integration by parts, we get:

qg+1d

o
+oo

+alg+ D@ +0a+ 1) [ o [ vl & Ol dgdn =

d
@)1+ 190(®I] = [ [l G da
“ (2.7)

Multiplying the third equation in (P’) by by (p + 1), integrating over © x (—o0, +00),
we obtain:

bi(p+1)

d oo 2 e 2 2
Pt [ wPdarneen [ @ p s .

+o0o
bt 1) / 0 / (2., Ou(€) dE dx = 0.

Multiplying the fourth equation in (P’) by by (q + 1), integrating over §2 x (—oo, +00),
we get:

b d oo o
e l)a/g/_oo e cnta ) [ € P

. (2.9)
g+ 1) / o / Yol €, () d€ dx = 0.

Combining identities (2.6), (2.7), (2.8), and (2.9), we complete the proof of the lemma. W

2.2 Local Existence via Semigroup Theory

This section proves the local existence of solutions to system (P’) by reformulating it as an
abstract evolution equation and applying Cp-semigroup theory.

2.2.1 Reformulation as an Evolution Equation

Introduce z = u;, w = vy, and define the state vector U = (u, 2,1, v, w,¥»)T. The nonlinear
term is:

F(U®)) = (0, |v|" ™ ulP~tu, 0,0, |ulP o9 o, 0)T.

System (P’) is rewritten as:
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where the operator A : D(A) — W is defined by

—Z
—Au+az+by [T (2, & ) u(€)dé
AU - )

—w

—Av + aw + by fj;o Yo(x, &, t) (&) dg

(52 + ﬁ)’ll)g(f, g? t) - w/j’(g)

The energy space is given by
W = Hj(Q) x L*(Q) x L*(Q x R) x Hy(Q) x L*(Q) x L*(Q x R).

For any U = (u, z,¢1,v,w,)" € W and U = (u, 2,1, 9, w,¥3)T € W, the inner product
is defined as
+00

(U, U)w = /Q[Vu Vi + zz)dz + by /Q V1 déda

e (2.10)
/Q[V'U -V + wwldz + by /Q /_OO PothodEda

The domain of the operator A is given by

(U = (u, 2,01, 0,w,9,)" € W; u,v € HH(Q);w, z € HL(Q); )

D(A) = { (€ + B)r — zpu(€) € LA(Q X R); (€2 + By — wu(€) € L*(Q x R);

[€]er € L2(Q x R); [€[ve € L*(Q x R);

Remark 2.2.1 The condition |£|; € L*(2xR) ensures the damping terms decay sufficiently
as & — 00, critical for boundedness.

J

2.2.2 Main Result

Theorem 2.2.1 Suppose the exponents p,q satisfy (2.2), and the initial data Uy € W.
Then, system (P") admits a unique local solution:

UeC(0,T),W),

for some T > 0.
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Proof  Following Pazy1983, we prove that A is a maximal monotone operator and F' is
locally Lipschitz continuous in W.

Step 1: Density and Monotonicity of A. To apply the Lumer-Phillips theorem, we
first verify that D(A) is dense in W. Let U = (u, 2,1, v, w,19)T € W. Since C>(Q) is
dense in H}(Q) and L*(Q), there exist sequences {u,}, {v,}, {20}, {wn} C C°(Q) such that
Up = U, v, — v in H}(Q), and 2, — 2z, w, — w in L*(Q). Similarly, C>°(Q x R) is dense
in L*(Q2 x R), so there exist {11}, {than} C C(Q x R) such that ¢;,, — ¥; in L?*(Q x R).
For each n, the functions 1, have compact support in &, ensuring |¢|¢;,, € L*(Q x R).
Moreover, since z,,w, € C°(2) and u(&) = |§|% is locally bounded for 0 < o < 1, the
term (€2 4 B)vin — zinu(§) € LA(Q X R). Thus, U, = (un, 2n, V1.0, Un, Wn, Y2 n)’ € D(A),
and U, — U in W, proving density.

Next, for U € D(A), compute:

(AU, U)w =al|2|[5 + al|wll3

“+oo
+m£/ (€ + B)03(x. €. 1) de du

+oo
+m4/ (€ + B3, &, 1) dE de > 0,

since a, by, 8 > 0. Thus, A is monotone.
Step 2: Surjectivity of [ + A. We will show the subjectivity of the operator (I + A).
For any F = (f1, f2, f3, f1, 5, f6) € W, we will show that

(I+AU=F
is satisfied for some U € D(A); that is,
(u— 2= f, € Hy(Q),

—+00

z—Au+az+ b Y1z, &, ) u(€)dE = fo € L*(9),

2/)1 + (52 + ﬁ)wl(xvgut) - Z(x7t>/~b(§> = f3($,£) € LQ(Q X R)a

(2.11)
v—w=f; € Hy(Q),
+00
w_AU+aw+b1 ¢2($af7t)l~b(§)d§:f5 ELQ(Q)v
(s (52 + B)¢2(x7§7t) - w(x,t),u(f) = fﬁ(x=€> € Lz(Q X R)a
By solving the third and sixth equations in (2.11), we obtain
gy fot 2,0 o1

(1+&+5)
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. fo + (e Dp(©)
6 T wW(Z, I
= 2.13
i e ) 219
Inserting z = w — f1, and (2.12) in the second equation in (2.11), we obtain
ou— Au = Gj. (2.14)
where
0 = (1 +a+ bg),
+oo
fau(§)
G = 1 ba)fi — b =2,
1=fot+t(1+a+b)fi 1/_OO €2+5+1£7
- bl’]T a—1
b = sin(am) (148"
Similarly, for the fifth equation:
ov — Av = Gs. (2.15)
where o ()
Gy = 1 bo)fi — b SIS g
2= fs+ (1+a+b)fi 1/_00 e

Using the Lax—Milgram theorem, the variational formulations
Bi(u,u) = Li(u), Ba(v,v) = Ly(v),
with
Bi(u,u) = a/ uudr + / Vu-Vade, Lj(a)= / Gudr, 1=1,2,
Q Q Q

admit unique solutions u,v € H} (). By elliptic regularity, we deduce u,v € H*(2). Sub-
stituting these into the first and fourth equations yields z,w € Hg(2). Using the third and
sixth equations, we then obtain ¢,y € L?(2 x R), satisfying all the requirements of the
domain D(A). Therefore, I + A is surjective, and A is maximal monotone.

Step 3: Local Lipschitz Continuity of F'. Let:

U = (u1, 21, ¢, v1, w1, 1), U= (U27227&17’02>w2,152) € W.
We have:
1EU)=F(O) 3y = [[Joa ™ fual? ™ ur = Joal T g P~ s [ | [P for |77 0 = Jua P o]0
Estimate the first term:
o] (Jua P~ g — Juo P ug) + (o1 |77 = [oa]) [ug P ug]| -

Using Sobolev embeddings HJ(2) < L%(Q) for n > 3, and given p < %, we have
lug [P~ uy € L=t (), and:
- - -1 -1
sl s = sl ]| 2, < G (Hulyiﬁ, +\|u212;%) s = ial] 2,

2
n+2 n_2o
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By Holder’s inequality:

o (P~ g = Jua P~ ) [ < o7y [l P = P ]|,

HL2 Ln—2

Since v; € Hy(Q):

1 1 1
a7 2, = ||v1||‘i+znég+n < CF iy

Thus, the first term is bounded by:
1 -1 -1
Clloallt (sl + a2 Nl = .
For the second term, using:
[or | — Joa| T < (g + 1) (o] + [v2]7) o1 — vl
we obtain:

| (lon ] = Joa| 1) JuoP s | o < (g + 1) [[(Jor]* + [v2]7) o1 — vo| fua P us | ., -

Using Holder’s inequality:

o lfor = vallual uzllzz < floall? a llor = vall 22, HU2|\;§%,

and thus:
| (Jor]74 = a7+ o P ua]] o < € (o lliyy + Wl ) o = vl sy

A similar argument applies to the second component. Consequently:

IF@W) = F@)lw < €@ (lurllags I llags ol Vsl ) - (s = sl + o = vl )

where ® is continuous, proving F' is locally Lipschitz.

Step 4: Existence. Since —A generates a Cy-semigroup of contractions (by the Lumer-
Phillips theorem) and F' is locally Lipschitz, standard results Pazy1983 guarantee a unique
local solution U € C([0,T), W) for some T" > 0. |

Remark 2.2.2 The proof implicitly uses the contraction mapping principle in the fixed-point
argument underlying semigroup theory for nonlinear problems, aligning with Barbu2010.

2.3 Discussion and Future Directions

The local existence result establishes that, under conditions (2.2), system (P) admits a unique
solution over a short time interval. This validates the mathematical model for short-term
dynamics in viscoelastic materials, where fractional damping captures energy dissipation over
time, as seen in applications like vibration control in structures (e.g., suspension bridges) or
polymer dynamics in aerospace components Podlubny1998. Theoretically, the result lays the
foundation for studying global existence, stability, or blow-up phenomena, which are critical
for understanding long-term behavior. Future research could explore:
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e Extending solutions to global existence under weaker conditions on p, q.

e Investigating blow-up phenomena using Lyapunov functionals, as planned for Chapter

3.

e Relaxing boundary conditions or incorporating more general damping mechanisms.
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Chapter 3

BLOW-UP

ONLINEAR wave systems with fractional damping, as studied in Chapter 2, exhibit com-
N plex dynamics where solutions may not remain bounded over time. Under certain
conditions, the energy of the system can grow unbounded, leading to finite-time blow-up, a
phenomenon critical for understanding stability limits in applications like vibration control
in structures or material dynamics in viscoelastic media. This chapter investigates the blow-
up of solutions to the coupled nonlinear wave system (P) introduced in Chapter 2, using
a Lyapunov functional to establish conditions under which solutions become unbounded in
finite time. The chapter is organized as follows: Section 3.1 presents the Lyapunov func-
tional and auxiliary results, Section 3.2 proves the main blow-up theorem, and Section 3.3
discusses the results and future research directions.

3.1 Lyapunov Functional and Auxiliary Results

Definition 3.1.1 A solution u = (u, v, 91,9) of the system (P') is said to blow up in finite
time if there exists a time T < oo such that:

lim [ (u* 4 v*) de = +oo. (3.1)
t—=T*= Jo

Remark 3.1.1 A simple integration of (2.5) over (0, t) leads to
t t
B#) =B0) = alp+ 1) [ lulids —ala+1) [ lolds
t +oo
nn) [ [ €+ i s)dsdads (32)
t +o0
“na+n) [ € i sydeduas

Now, introduce the functional L(t) defined as follows:
¢ ¢
L(t) = (p+ Dl + (g + Dlvllz + alp + 1) / [ull3ds + a(q + 1) / lvll3ds +biH () (3.3)
0 0
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p—l—l///+oo§2+ﬁ (/ Y(z, €, 2) )dgda;ds
q+1///+m§+ﬁ(/w2xf )dgdxds

Lemma 3.1.1 Let (u,®) be a regular solution of the problem (21). Then the following
equality holds:

/Fo/méw §t</¢ ds)dfdp—/ro (:ct)(joo(b(ft df)dp /Fo/m D)2
3]

Lemma 3.1.2 (Boundedness of H(t)) Suppose that |Vul|3 and ||Vv||3 remain bounded
on [0, T). Then, the functional H(t) defined in (3.4) satisfies:

where

(3.4)

H(t) < C < +0, (3.5)
where: . .
4
and:
Cl = Ssup {HVU’H; HVUH%? 1} 9 (37>
t€[0,T)

with constants B,n,Cy, C3 as established in [3].

Proof  The proof follows [3], leveraging the boundedness of ||Vul||3 and ||[Vv||3 to control
the growth of 1,1y via the equations for v; in (P’). The explicit bound accounts for the
fractional damping effects through I'(«) and the time horizon T. |

Lemma 3.1.3 Assume that condition (2.2) holds. Then, the second derivative of the func-
tional L(t) satisfies:

1) >(0+2) @+nwm@+m+1wm@

t t
+29{—E(O)+a(p+1)/ Husuédera(qul)/ s[5 ds
0 0 (3.8)

t “+o00
snry) [ [ [ ot g dgdnds

t “+o00
+wmnéé[ W+W@MM%M4,

where 0 = p+q+ 2.
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Proof  Form (3.3), the first derivative is:

L'(t) =2(p + 1)/

wude +2(q + 1) / v da + alp+ Vil + alg + 1ljol
Q

Q

t +oo s
—|—2b1(p—|—1)/0/ﬂ/_ (£2+B)w1(x,§,s)/0 Uy (z, €, 2) dz d€ dads

t +o0 s
+2b1(q + 1)/O /Q/ (€2 +B)¢2(I,§,S)/O o(x, &, 2) dzd€ dxds.

Differentiating again, using the equations in (P’) and the divergence theorem:
L"(t) = = 2(p + DIIVull3 — 2(q + 1) [Vl + 2(p + 1) [Jull3 + 2(q + D) [oe]l3
+ 29/ o] [ da
Q

ronp+1) [ [ €+ s (/ (6, 5) is) des
oo+ [ [T@rsuteen (| (.6, 5) is) de

+o0o

b (p+ 1) /Q u [ (€ Hu(e) dé da
-

2o+ 1) [0 [ g ou deds

where 6 = p + ¢ + 2. Using the energy functional (2.5) and integrating (3.2), we express:
t
2/ |07 [uPT do = — 2E(0) + 2a(p + 1)/ l|us|3 ds
Q 0
t
+2alg+ 1) [ ualBds + (q-+ Dluld + o+ DI Vul?
0
t +o0
Har DIVl + 20+ 1) [ [ [ €@+ piag s dsdnds
0 JQJ—-x

t —+o00
sy [ [ [ @4 pi e dedrds
0 QJ -0
+ (p+ Dl + b1+ Dl 7205my + 01(q + Dl F2(em)-
(3.9)
Using lemma 3.1.1 we get:

[ [ @+ muteen ([ nwssas) da= [u [ utwenue deas

— 1172 (@xm):
(3.10)
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[ €@+ otmen ([ vtncsas) dsar= [ o[ itneoue deas

- ||w2||%2(QXR)7
(3.11)

Substituting into (3.9) and simplifying using (3.10) and (3.11), we obtain:

t t
L”(t):—29E(O)+2a9(p+1)/0 \|us\|§ds+2a9(q+1)/0 0|2 ds

+(p + 1)(0 + 2)lluellz + (g + DO+ 2 wellz + (0 + Do + )| Vullz + (g + D(p+ ) [ V]|

t —+00
+2b10(p+1)/0/ﬂ/ (& + B)Yi(x, &, s) dE dx ds

t —+o0
2 2
+%wm+n[lé/;<g+ﬁwxaa@mwmm
+01(p+ D+ Q)12 (ury + 01(a + D0+ DIl 72(0xm)-

Dropping non-negative terms, we get 3.8 which completes the proof. [
Now, we prove the following lemma.

Lemma 3.1.4 Suppose that (2.2) holds and that either one the following conditions is sat-
isfied

(i)E(0) < 0.

(ii) E(0) =0, and

2(0) > alp + Dol + ofa -+ 1) e 3.12)
(111)E(0) > 0, and
, [
L) > 1| 10) + 525 |+ ol Dl + ala + Dol (5,13
where
9+2- P10
" 2
and

h:aw+mkp+wwm@+@+4mm@ +20B(0). (3.14)

Then L'(t) > a(p + 1)|luol|3 + a(q + 1)||vo||3, for t > to, where

/ _ 2 o 2
t* > max {0, L'(0) —a(p+1)[luoll5 — alg + 1)””0”2} ’

205(0) (3.15)

where ty = t* in case(i), and to = 0 in case(ii) and (iii)
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Proof (i) If £(0) < 0, then from (3.8), we get
L' (t) > —20E(0),

we easily obtain :

/

L'(t) > L'(0) — 20E(0)t.

Then
L'(t) > a(p+ 1)|uoll3 + a(g + 1)l|voll3, vt > ¢,

where t*, is defined in (3.15).
(ii) If £(0) = 0 then from (3.8) we fined

L'(t) >0, Vt>0.

We easily obtain

Using (3.12) we have
L'(t) > a(p+ Dluoll3 + alg + )l|voll3, ¥t > 0.

(iii) For the last case of E(0) > 0 apply Young’s inequality to 3.1:

fo fQ f—i-oo 52 + /6 @01 ga fo @01 f, dzdfd:z:ds
<5 Jy Jo 25 (€ + B)len (&, )P dédads (3.16)
+% fot Ja fj;o(g + ) (fos (€, Z)d2)2 dédxds

and similarly for . Using:

t t
wgg/w&w+/WMw+mm,
0 0

and we note that

t t
d

2/ /usud:cdsz/ P ugll3ds = [Jull3 — lluoll3-
0 JQ o as
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We bound:

L'(t) <(p + Dlluell + (7 + Dlulls + (g + Dllvellz + (¢ + Doll3

t t
Fa(p+1) ( [l [ ulas + ||uo||%)
0 0

t t
a(g+1) ( [ alias+ [ pizas+ ||vo||%)
0 0

t +o00
+b1(p+1>/0/9/ (€ + BYR(a, €, 5) dE du ds

Fhi(p+ 1)/0t/9/_j(€2+6) (/Oswx,é,z)dzfdwxds

t “+o00
+b1<q+1>/0/9/_ (€ + BYA(x €. 5) dE du ds

+b1(q+1)/0t/9/_:0(§2+ﬁ) (/Oswg(x,f,z)dz)2d§d:nds.

Combination of (3.3) and (3.17), shows that

(3.17)

L) <L) + (p + 1) [Hutu% va [l +auuou§]
t “+o00
+b1<p+1>/0 //m (& 4 B)03(a, €, 5) de du ds
+<q+1>[uvtu§+a / Hvsnzdsmnvoué]
t “+o00
+b1<q+1>/0 /Q/OO (€ 1 BWR(a, €, 5) dE du ds.
Using(3.8),we obtain
0+2) (L’(t) - L<t>) <I/(1) + 20B(0) + a0+ 2) [<p £ Dllol+ (g + 1>Hvo|rz}
By [<p+1>a / sl ds + (g + Da / el ds
+b1<p+1>/0/Q/_:o<§2+6>w%<x,§,s>d§dxds
+b1(q+1)/;/9/:0({2—i—ﬁ)@/)g(x,f,s)dfdxds,}.

That is
F't)— (0 +2)F'(t)+ (0 +2)F(t) + 1, > 0,
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where [y,is defined in (3.14). Now let

B(t) = F(t) + 0:?2.
Then B(t) satisfies
B"(t)— (0 +2)B'(t)+ (8 +2)B(t) > 0. (3.18)

Using Lemma 1.5.1 in (3.18), then if

0+2—+02—46
B'(0) > ( 5 )B(O)+a(p+1)HUOH§+a(Q+1)Hvo|\§-

Then
F'(t) > a(p + 1)l|uoll3 + alg + 1)|vell3 vt > 0.

3.2 Main Blow-Up Result

Theorem 3.2.1 Suppose that (2.2) holds and that either one of the following conditions is
satisfied

(i)E(0) < 0.

(i) E(0) =0 and (3.12) holds.

(iii) 0 < E(0) < (%*2)2{F/(t*>—<p+1>Huo||§i1<q+1>||vo||§}2
(r+0)?— ) (BEE2) I 7 (29)
(u,v,11,19) blows up in finite time T™* in the sense of (3.1).
In case (i):

and (3.13) holds. Then the solutions

J(to)

T <ty — .
< to T'(to)

Furthermore, if J(tp) < min {1, o } , then we have

m2

1
T* S to —f- hl .
VI e = ()

In case (ii):

J(to)
T <ty —
>~ {0 J,(to)a
or Jito)
to
T <t )
<to+ T'(to)
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In case (iii):
J(to)

T*
Vo

IN

or

3y1+1 1
T* <ty +2 20 LS 41— [1— eJ(ty)]7 ),
my

where ¢ = (72 )2+71 v = P20 and J(t), mi and my are given in (5.51) and (3.32)
respectively. Note that in case (z) to = t* is given in (3.15) and ty = 0 in case (ii) and (iii).

Proof  Define:
J(t) = [L(t) + a(p + (T = t)|Juoll3 + alg + (T = t)[woll3] ™, t€fto,T).  (3.19)

Differentiating:

!

J () = = () [L(t) = alp + 1) uoll3 — alg + 1)[vol|3]
By Lemma 3.1.4, J'(t) < 0. The second derivative is:

1"

J'(#) = —mJO G0, (3.20)
where

"

G@%dz@-Mﬂ+a@+¢ﬂT—®Wm@+a@+1NT—ﬂww4
(3.21)
= (L) {L'(1) = alp + D)luol3 — alg + 1) [uoll3}
We get, from (3.8)
L%ﬂEW+%(p+DWM?Hq+DMMﬂ
s 20— BO) +alp+ 1) [ JualEds +alg+1) [ ol ds
swen [ iz

t “+o00

sulry) [ [ [ ot s dgdnds
t “+o0

suarn [ [ f W+W@M@@M4
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Therefore, we find

L"(t) > —20E(0)

t t
<p+1>{||ut||%+a/0 ||us||§ds}+<q+1>{||vt||3+a/0 ||vs||3ds}

t —+00
+b1<p+1>/0/Q/ (€ + BYR(a, €, 5) dE du ds

+6

(3.23)
+hlg+) | t L/ :O(£2+ﬁ)w§(x,€, 5) dgdxds]

It follows from (3.1) that

wudr +2(qg+1) / vev dx

(1) — alp+ Dlluoll? — alq + 1)Juol = 200 + 1) / i

Q

t +oo s
—I—le(p—l—l)/o/ﬂ/_ (§2+ﬁ)1/)1(x,§,s)/0 U (z, €, 2) dz d€ dxds

t +o0o s
+ 2b1(q + 1)/0 /Q/ (€2 + B)o(x, €, S)/O o(x, &, 2) dzd dxds.

¢ t
+ 2a(p + 1)/ / usudzrds + 2a(q + 1)/ / vsvdzds
0 JQ 0 JQ

since

t
lall2 = [luoll? = 2 / / woudids
0 Q

and

t
ol = lleol2 = 2 / / vevdads
0 Q

It then follows that

"

G(t) =L (1) | L(t) + a(p + 1)(T = t)lluoll2 + alg + 1)(T - t)lonII%]

(3.24)

— () {2 0) — alp+ Dluoll3 — alg + Dl ]}
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It then follows that

G(t) > — 20B(0)J 7 (¢)

t t
<p+1>{|rutn3+a / Husn%ds}+<q+1>{r|vtu§+a / Hvsnzds}

t —+o00
+b1(p+1)/0/ﬂ/_ (&2 + B)i(x, €, 5) dE dx ds

+0

T bi(g+1) /Ot/Q/_:O(é?+6>w§<x,£,s>d5dxds]

t t
(0 + Dllul2 + (g + Dlfo]2 + alp+ 1) / lull2ds + a(g + 1) / lol2ds

+bi(p+1) /Ot /Q /;00(52 + ﬁ)(/os wl(x,f,z)dz) 2d§dmds (3.25)

b+ 1) /Ot/Q/_:0(52+B)</OS¢2($,§,z)dz>2d§da:ds}

(P+1)/UtUd$+(q+1)/vtvdx
Q 9)

X

—4(1+7)

t +o0o s

+b1(p+ 1)/0 /Q/ (§2+B)¢1($,§,s)/0 Uy (x, €, 2) dz d€ dads
t +o0o s

+b1(q + 1)/0 /Q/ (£2+6)¢2(m,§,s)/0 Yo(x, &, 2) dzd€ dxds.

t t 2
—l—a(p+1)/ /usudxds—l—a(q—l—l)/ /vsvdwds] :
0 Ja 0 Jo
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For simplicity of calculations, we make the notations

t t
A=(p+ Dl + (¢ + Dllol2 + alp+ 1) / lul3ds + alg + 1) / lol3ds

+bi(p+1) /Ot /Q /:0(52 + ﬂ)(/os i (z, €, z)dz)2d§dg;ds
hg+) [ t |/ :0@2 " 5)( / (€, z)dz)Qdfd:cds

B: t d t d
(p+1)/guu x+(q—|—1)/ﬂvv x
t “+o0 S
+b1(p+1)/0/9/ ({2—1-5)1/)1(%5,5)/0 Uy (x, &, 2) dz d€ dads
t —+o0 S
+bl(q—|—1)/0 /Q/ (§2+5)@/J2(x,§,8)/0 oz, &, 2) dzd€ dxds.

t t
+a(p+1)/ /usudxds+a(q+1)/ /vsvd:pds
0 Q 0 Q
t t
C=p+ 1]l +a [ s +<q+1>{||vt||3+a / HvsH%ds}

t —+0o0
cuin) [ [ [ @ e it dededs

t “+o0
cua+n) [ [ @ i) dededs

Thus,we get

G(t) > — 20E(0)J = (t) + e{Ac - 32}. (3.26)
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Now we observe that,for all (p,n) € R* and ¢ > 0,

Ap* +2Bpn + On? =
t

t
(0 + DIl + (g + DAl + alp + 1) / Pllull3ds + alg + 1) / llv]2ds
0 0

+b1(p+1)/;/()/;00(52+5)(/Osp¢1(x,§,z)dz)2d£dxds
+b1(q+1)/Ot/Q/_:O(§2—i—ﬁ)(/Ospwg(x,f,z)dz)Qdﬁdxds

t d t d

2(p+1)/Qnupu x+(q—|—1)/97721pv x
t “+o00 s

T+ 2b(p+ 1) /O /Q | @ romnigs) /0 o1 (1,6, 2) dz dE duds
t —+o0 S

T+ 2b(g+1) /0 /Q | @+t /0 piba(,€, 2) dzd€ duds.

t t
+2a(p+1) / / nuspudzds + 2a(q + 1)/ / nuspvdrds
0o Ja 0o Ja

t
<p+1>{n2||ut||%+a / 772||us||§d5} +<q+1>{n2||vt||§+a /
0 0

t +00
bt 1) / /Q / (€ + BYPuR(x, €, 5) dE du ds

t

772||vs||§d8}

t +oo
sharn) [ [ (@ piie e s dedods

Then
Ap* +2Bpn+ Cn* = (p+ 1)||pu + nue||3 (g + 1) || pv + nue[3

Fa(p+1) / low + | 2ds + alq + 1) / lov + nuel2ds
t “+00 s 2
ruprn [ f <£2+ﬁ><nwl<x,£,s>+ / pw1<x,§,z>dz) dédrds
t 400 s 2
Fbilg+1) /0 /Q / (52+5>(nw2<x,5,s>+ /0 pw2<x,s,z>dz) dédads

It is easy to see that
Ap® +2Bpn+Cn* >0

and
B* - AC <. (3.27)
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Hence,we infer from (3.27) that

G(t) > —20B(0)J > (t) Vt>t". (3.28)
Therefore, by(3.19),(3.20),and(3.28),weget
f%wf;(gﬁi%i:fﬂmn>J@f+%, (3.29)

Note that by Lemma 3.1.4,J'(t) < 0 for ¢t > ¢t*0. Multiplying (3.29)by J'(t)and integrating

it from t* to t, we obtain
1

J2(t) > my +maJ (), (3.30)

where

= K}%J){F(t) — (p+ Dlluoll3 = (g + 1)Hvo||§}2

N 5 (3.31)
p q— ey
—((p+q 2_4> (—)E 07 (1 }
(@07 =1) (522 ) )7 )
ptqg—2
my = p+q2—4><————)EO 3.32
o= (o= 1) (50 B0 (3.3
We observe that m; > 0,if and only if
_9\2 .
B(0) < L) AF ) = (04 Dljuolls = (a -+ Dllenl3)”
+q—2 71 *
((p+0)? - 4) (B252) J7 (1)
then by Lemma 1.5.3 there exists a finite time 7™ such that This will imply that
t t —1
lim [Huug + a/ lalZds + Joll2 + a/ loll2 ds + blH(t)} —0. (110
t—T*— 0 0
That is,
t t
lim {Hqu - a/ |ul|5 ds + [Jv]|5 + a/ |3 ds + blH(t)l = +o00. (111)
t—T*— 0 0
Thus, there exists a 1" such that to < T < T}, and
i [l + ol + buE ()] = +oo. (33

Indeed, if ||ul|2 — +oc ast — T, and |[v||3 = +oo as t — T, then clearly,

dim [Jlull3 + [lol3 + b1 H (8)] = +oo.

On the other hand, if |Vu||3 and ||Vv]||3 remained bounded on [ty,T), by Lemma 3.1.2, we
get
tﬁm [ull3 + (vl + b1 H(t)] = C < +oc.

Hence, ||Vul|3 = 4ocast — T~ and ||[Vu|2 = +ooast — T~ |
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3.3 Discussion and Future Directions

The blow-up result confirms that under negative or critical initial energy conditions, the
nonlinear wave system (P) exhibits solutions that become unbounded in finite time, driven by
the nonlinear coupling terms. This behavior is significant for applications, such as modeling
material failure in viscoelastic structures or instability in control systems Podlubny1998.
The Lyapunov functional approach highlights the role of fractional damping in modulating
energy growth. Future research could explore:

¢ Global Behavior: Investigating conditions for global existence versus blow-up to
delineate the stability boundary.

e Numerical Simulations: Developing computational methods to validate blow-up
times and energy growth.

e Generalized Models: Extending the analysis to variable a or non-homogeneous
boundary conditions.

42



Conclusion

This memoir has explored the intricate dynamics of a coupled nonlinear wave system with in-
ternal fractional damping, a mathematical model pivotal for understanding complex physical
phenomena in viscoelastic materials and engineering systems. Through a rigorous mathe-
matical framework, we have addressed two fundamental questions: the local existence and
uniqueness of solutions and the potential for finite-time blow-up phenomena. These investi-
gations have not only deepened the theoretical understanding of fractional partial differential
equations (PDEs) but also provided insights with practical implications for material science
and structural engineering.

In Chapter 1, we established a solid foundation by presenting essential tools from func-
tional analysis and fractional calculus, including Lebesgue, Bochner, and Sobolev spaces,
alongside key inequalities and fractional operator definitions. This groundwork facilitated
the subsequent analysis. Chapter 2 successfully demonstrated the local existence and unique-
ness of solutions by reformulating the system as an abstract evolution equation in a Hilbert
space and leveraging Cy-semigroup theory. The energy functional and monotonicity proper-
ties of the system’s operator were critical in ensuring well-posedness over short time intervals.
In Chapter 3, we investigated the blow-up of solutions using a carefully constructed Lya-
punov functional, identifying conditions under which the solution’s energy grows unbounded
in finite time. These results highlight the delicate balance between nonlinear interactions
and fractional damping in driving the system’s long-term behavior.

The significance of this work lies in its contribution to the mathematical theory of frac-
tional PDEs, particularly in addressing the combined challenges of nonlinearity and nonlo-
cality. By integrating semigroup theory, energy methods, and fractional calculus, we have
provided a robust framework for analyzing nonlocal wave systems, filling gaps in the existing
literature. Practically, the findings validate the use of fractional wave models in applications
such as vibration control in flexible structures and the design of durable polymers, where
memory effects play a critical role. The blow-up analysis further informs the stability limits
of such systems, offering guidance for preventing structural failure in engineering contexts.

Despite these advancements, several avenues remain open for future research. First, ex-
tending the local existence results to global existence would provide a more comprehensive
understanding of the system’s behavior over long time scales. This could involve exploring
additional regularity conditions or weaker nonlinearities. Second, relaxing the constraints
on the exponents p and ¢ could broaden the applicability of the model to a wider range of
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physical systems. Third, numerical simulations could complement the theoretical results,
offering visual insights into the system’s dynamics and validating the blow-up criteria. Fi-
nally, investigating the impact of different fractional derivative types (e.g., Atangana-Baleanu
or distributed-order derivatives) could enhance the model’s flexibility in capturing diverse
memory effects.

In conclusion, this memoir represents a meaningful step forward in the study of non-
linear wave systems with fractional damping. By bridging rigorous mathematical analysis
with practical applications, it contributes to both academic research and technological in-
novation. The tools and insights developed herein pave the way for further exploration of
nonlocal PDEs, promising new discoveries at the intersection of mathematics, physics, and
engineering.
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